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We report a complete 3D structural model of typical epithelial
primary cilia based on structural maps of full-length primary cilia
obtained by serial section electron tomography. Our data demon-
strate the architecture of primary cilia differs extensively from the
commonly acknowledged 9+0 paradigm. The axoneme structure is
relatively stable but gradually evolves from base to tip with a
decreasing number of microtubule complexes (MtCs) and a reduc-
ing diameter. The axonemal MtCs are cross-linked by previously
unrecognized fibrous protein networks. Such an architecture ex-
plains why primary cilia can elastically withstand liquid flow for
mechanosensing. The nine axonemal MtCs in a cilium are found to
differ significantly in length indicating intraflagellar transport pro-
cesses in primary cilia may be more complicated than that reported
for motile cilia. The 3D maps of microtubule doublet-singlet tran-
sitions generally display longitudinal gaps at the inner junction
between the A- and B-tubules, which indicates the inner junction
protein is a major player in doublet-singlet transitions. In addition,
vesicles releasing from kidney primary cilia were observed in the
structural maps, supporting that ciliary vesicles budding may serve
as ectosomes for cell-cell communication.
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pithelial primary cilia are hair-like, membrane-enveloped

cellular projections that extend into the extracellular space.
They are sensors detecting environmental signals for modulation
of cellular physiological activities. Due to the importance of these
cellular activities, defects in primary cilium assembly/disassembly
(ciliogenesis) and maintenance underlie many developmental and
organ disorders (1-3). Accurate information of the 3D structure
of primary cilia is essential to fully understand the process and
regulation of primary ciliogenesis.

In mammalian organs, such as kidney, liver, and pancreas,
each epithelial cell carries a single primary cilium as a mecha-
nosensor, which bends reversibly under liquid flow (4-6). The
passive elastic bending of primary cilia is believed to modulate
epithelial cell proliferation and autophagy, thereby maintaining
the normal architecture of mature organ tissues essential to their
physiological functions, although the identity of the signaling
messenger is controversial (2, 7-13). The elastic bending property
relies on the structure of the ciliary microtubule-based framework
(axoneme). The 3D architecture of primary cilium axoneme is
fundamental to understanding the mechanosensory function of
primary cilia in kidney and other cells.

Electron microscopic (EM) studies of both primary cilia and
motile cilia started over half century ago (14-18). The primary
cilium axoneme has long been described as a “9+0” architecture,
with 9 peripheral microtubule doublets of the same length forming
a hollow cylindric architecture as the core framework based on
some electron micrographs (1, 17-24). The 9+0 model is currently
the most accepted structural understanding in the field for pri-
mary cilium axoneme. However, there were some early cross-
section EM studies, showing deviation of primary cilium axo-
neme from the 9+0 paradigm (25-29). An accurate 3D structural
model derived from 3D structural map has not been established
for typical primary cilia.
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The 940 paradigm stipulates an architecture similar to the
array of the 9 peripheral microtubule doublets in the 9+2 motile
cilium axoneme. In 942 motile cilia, the 9 microtubule doublets
are integrated into the cylindric array with radial spokes, nexin
links, and dynein arms (14-16, 30-32), but these structural com-
ponents do not exist in the primary cilium. It has been unclear if
there are alternative structural components integrating the 9 mi-
crotubule doublets into a stable cylindrical 9+0 axoneme to enable
the elastic properties necessary for reversible bending of primary
cilia. Microtubules in cells present in singlet (33-36), doublet (37—
39), and triplet (40) forms. The latter two forms are unique to cilia
and flagella. Although microtubule doublets were found to be-
come singlets at the tip end of cilia or flagella (29, 41, 42), the
doublet-singlet transitions remain structurally uncharacterized.

In this work we determined complete 3D structural maps of
epithelial primary cilia using serial section electron tomography
(SSET) and developed a 3D structural model of typical primary
cilia as an updated structural baseline for primary cilium re-
search. We found that key features of primary cilia architecture
are distinct from expectations based on the 9+0 paradigm. We
also discovered a structural component that cross-links axonemal
microtubule complexes (MtCs), and connects MtCs with the
ciliary membrane. The 3D structure provides a mechanistic un-
derstanding of the elastic bending of primary cilia under liquid
flow required for the mechanosensory function. We have also

Significance

Primary cilia are sensory organelles that detect a wide range
of extracellular signals for regulation of cell proliferation. De-
fects of their assembly/disassembly (primary ciliogenesis) and
maintenance are linked to a variety of medical disorders. The
signals they detect include mechano-signals from liquid flow,
which requires a reversible bending property of the primary
cilium axoneme. An accurate 3D structure of primary cilia is
essential to fully understand the process and regulation of
primary ciliogenesis and clarify the structural basis of the
elastic bending property. Here we report complete 3D struc-
tural maps and a model for typical epithelial primary cilia,
which will serve as the updated structural base for studies of
primary cilium assembly and regulation, and mechanosensory
function.

Author contributions: H.S. designed research; S.S., R.L.F., and H.S. performed research;
S.S.B., B.T.P,, and H.S. contributed new reagents/analytic tools; S.S. and H.S. analyzed
data; and S.S., B.T.P., and H.S. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

Data deposition: The 3D structural maps of the primary cilia in this study are available in
the Electron Microscopy Data Bank, https:/www.ebi.ac.uk/ (accession nos. EMD-9022,
EMD-20061, EMD-20064-EMD-20068).

"To whom correspondence should be addressed. Email: haixin.sui@health.ny.gov.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1821064116/-/DCSupplemental.

Published online April 19, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1821064116


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1821064116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://www.ebi.ac.uk/
https://www.ebi.ac.uk/pdbe/entry/EMD-9022
https://www.ebi.ac.uk/pdbe/entry/EMD-20061
https://www.ebi.ac.uk/pdbe/entry/EMD-20064
https://www.ebi.ac.uk/pdbe/entry/EMD-20068
mailto:haixin.sui@health.ny.gov
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1821064116

L T

/

1\

=y

analyzed the 3D structural maps of the doublet-singlet transition
regions and gained insights about doublet assembly/disassembly.
In addition, vesicles releasing from kidney primary cilia were
observed in our structural maps. The updated structural knowl-
edge in this report provides insights into primary cilia structure,
assembly, and maintenance.

Results and Discussion

In our pilot studies, we employed cryoelectron tomography to
investigate vitreously frozen primary cilia from kidney cells of
Lilly Laboratories cell-porcine kidney 1 (LLC-PK1) (43) and
mouse inner medullary collecting duct-3 (IMCD3) (44). The re-
sults did not agree with the 940 structural model. We therefore
utilized conventional EM to investigate the primary cilia from the
three most commonly used kidney cell lines in primary cilium
studies: IMCD3, LLC-PK1, and Madin-Darby canine kidney
(MDCK) (45). The data confirmed that their axoneme structures
do not follow the 9+0 paradigm.

The cross-section images demonstrated that the axonemal
microtubules change from doublets to singlets and most terminate
before they reach the ciliary tip. We use the term “microtubule
complex” to refer to the microtubule, either in the doublet or
singlet form, which originates from a basal body triplet. MtCs
need to be clearly tracked through entire serial cross-section sets
to develop a detailed understanding of the 3D structure of typical
primary cilium axoneme. Most primary cilia are not perfectly
perpendicular to the cell surface, having an angle of deflection
and regions of bending or tilting (e.g., Movies S7 and S11). Such
characteristics make the MtCs in serial sections difficult to identify
and track in the serial projection images, and complicate the
distinction between doublets, pairs of neighboring singlets, and
singlets, particularly in the distal portion of the cilia. As a con-
sequence, serial section datasets are rarely interpretable for the
entire full length of the primary cilium. Structural information in
3D is required to clarify the detailed MtC structural changes along
the primary cilium.

We used SSET to obtain the 3D structure of the primary cilium
by combining electron tomograms of serial sections (46). SSET is
probably the only method currently available for obtaining the 3D
structural maps at transmission electron microscopy (TEM) res-
olution for large unique subcellular objects that cannot be imaged
by EM if not sectioned into multiple slices. This method has been
used to work with serial sections of a few slices, but has never been
successfully applied at a scale to dozens of serial sections before
this work, because the technical challenge and required experimental
effort increase exponentially with the slice number increasing. For
SSET, there is always a thin layer of damage introduced by knife
cutting between two adjacent sections. The damaged region is very
thin and generally tolerable for 3D map interpretation at a large
scale, but we carried out SSET for serial cross-sections instead of
longitudinal sections to minimize the impact of knife-cuts to the
precise lengthwise tracking of MtC structural changes in the
density maps.

We focused our effort on primary cilia from IMCD3 cells. The
structural map of each primary cilium requires tomographic data
collection and integration of dozens (IMCD3 cilia of several
micrometers) to hundreds (LLC-PK1 and MDCK cilia of dozens
of micrometers) of electron tomograms of uninterrupted serial
sections. IMCD3 cells are currently the most commonly used
kidney cell line for primary cilia studies and their short cilium
lengths (2-5 pm) make them the most amenable to our analysis.

Three-Dimensional Structural Model of the Primary Cilium Axoneme.
Our strategy was to survey the largest number of primary cilia
that was practically achievable, and then to select a subset of cilia
to obtain structural maps over their full length. Finally, we chose
a typical example among the acquired structural maps that
shares common features with most other maps. This was used for
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investigation of local structural features within the cilium and to
build the 3D structural model for result interpretation, offering
both breadth and depth to our research at a practical level of
resource expenditure.

Fig. 14 displays a central longitudinal section of the selected
structural map for a typical primary cilium. This structural map
was obtained by combining 33 dual-axis electron tomograms of
serial cross-sections of a primary cilium on an IMCD?3 kidney cell
(Movie S1). Looking from the basal region toward the distal end,
the microtubule-based axoneme starts at the basal body with
nine microtubule triplets in a cylindrical arrangement (Fig. 1C).
The nine triplets then become nine doublets (Fig. 1D) as the
axoneme initially extends out of the cell surface (position “d” in
Fig. 1B). The ninefold symmetry of the microtubule doublets is
preserved for a very short length, as displayed in the symmetrized
tomo-slice (33 nm) (SI Appendix, Fig. S1B) and in the density
map (SI Appendix, Fig. S14). This is where the structural model
matches the widely accepted 9+0 configuration.

Two microtubule doublets progressively shift toward the core
of the axoneme at the region where the primary cilium starts to
extend into the extracellular space (Fig. 1 E and F), and the
axoneme becomes a 7+2 configuration with two central micro-
tubule doublets surrounded by seven peripheral microtubule
doublets (Fig. 1F). The 7+2 arrangement is the dominant con-
figuration in most primary cilia we investigated. We also noted
one occasion in which one microtubule doublet moved inward
first, generating an 8+1 configuration (SI Appendix, Fig. S2F),
quickly followed by an inward shift of another MtC to give the
7+2 configuration. There were also occasions when the 7+2
configuration was never evident due to one or more MtCs termi-
nating shortly after leaving the basal body. SI Appendix, Fig. S2 D
and D’ display such an occasion, in which two MtCs terminate
while one microtubule doublet moves toward the core. The 7+2
and 8+1 arrangements were visualized by serial section EM
micrographs previously (42). In our 3D maps, the two inward-
shifting microtubule doublets were any two nonadjacent peripheral
doublets, separated by one, two, or three other doublets (Fig. 1E
and SI Appendix, Fig. S2).

Termination of the MtCs happens sequentially rather than
simultaneously (Movie S2); in most cases, B-tubules are lost
from microtubule doublets as the cilium extends toward the
distal end, and subsequently the A-tubules terminate. Moving
toward the distal ciliary tips, the 7+2 configuration of the MtCs
bundle evolves as the total number of MtCs reduces (Fig. 1 G-J).
The evolution of the architecture happens in a gradual and
consistent manner. We did not observe significant location changes
or portion swapping between the neighboring MtCs, which indi-
cates a structural mechanism is stabilizing the architecture of the
MtC bundle (Fig. 1 E-I). The axoneme eventually terminates with a
limited complement of microtubule singlets reaching the ciliary tip
(Fig. 1J and SI Appendix, Fig. S3; see also the green-lined regions in
Fig. 41 and SI Appendix, Fig. S4).

Axoneme structure defines the elastic bending property in
liquid flow that is required for mechanosensory functions of
primary cilia. We demonstrated that the 3D structure of epi-
thelial primary cilia is not a constant cylindric array of 9 doublets
(9+0) of the same length, analogous to the 9-doublet array in a
typical 9+2 motile cilium. There have been conventional EM
studies indicating a configuration different from the 9+0 model
since the 1960s (25-27, 29). The 7+2 or 8+1 arrangements were
reported in kidney primary cilia as early as a half century ago (28,
42). However, these observations contradicting the 9+0 model
were apparently underappreciated. Most of our knowledge about
cilium assembly and maintenance comes from motile cilium re-
search. The generally reported 9+0 configuration of epithelial
primary cilia may have arisen from sample preparation defi-
ciencies, combined with the assumption that the axoneme
structure of the primary cilium stays the same along its length
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Fig. 1. Overview of the primary cilium structure. The typical primary cilium structural map obtained by combining 33 serial dual-axis tomograms. A lon-
gitudinal central slice of 13.4-nm thickness is shown in A (see also Movie S1). The structural model built from the serial tomograms using the Amira package is
shown in B. Progressive changes of the microtubule configuration from proximal to distal end of the cilium are demonstrated by the end-on cross-section
views shown in C-J that correspond to the locations marked in B (see also Movie S2). The viewing direction is from the basal to the distal end. The color key is
shown at the bottom. BF, basal foot; CiM, ciliary membrane; CM, cytoplasmic membrane of the cell; MtC-A, -B, -C, microtubule complex A-, B-, C-tubule; TF,

transition fiber.

similar to that of the typical 942 motile cilia. Initially in our
work, we found that primary cilia broke off easily during speci-
men preparation particularly when/if osmium was used in the
postfixation step. All primary cilia were broken away near loca-
tion “d” of Fig. 1B, where cilia start to extend out of the cell. The
9+0 configurations would dominate the results if analysis is re-
stricted to the residual basal portion of the truncated cilia.
Protection of cilia against such truncation was the major tech-
nical challenge of our study. We finally solved the cilia breakage
problem with our preparation strategy and are able to routinely
obtain serial cross-sections across the full length of primary cilia
for cultured kidney cells.

MtCs in a Primary Cilium Differ in Length and Ciliary Diameters
Reduce Toward the Tip. The overall length of each of the nine
axonemal MtCs of a cilium is distinct (Fig. 2). From the basal
side to the distal end, the B-tubule of the microtubule doublets
terminates first for most cases and the A-tubule singlets termi-
nate at a location closer to the ciliary tip (Fig. 3 A-E). In Fig. 2,
the individual MtCs in the axoneme model of primary cilia (Fig.
24) are dissected sequentially, as shown in Fig. 2B and Movie S3.
A length profile of the dissected MtCs was generated, as shown
in SI Appendix, Fig. S3G, displaying a length range from 0.9 to
3.0 pm. This is a common feature of most of the reconstructed
IMCD3 primary cilia (ST Appendix, Fig. S3), except for one case
where the cilium is only 0.85-pm long. (SI Appendix, Fig. S3C).

To determine if a given length of the MtC is related to its
location in the primary cilium basal body, we defined the MtC
closest to the daughter centriole as #1 and named the others
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#2 to #9, following the clockwise numbering system looking
from the basal side toward the distal end (16, 47, 48). We found
that #1 is a relatively long MtC in the structural maps of six of
the seven primary cilia (shown in SI Appendix, Fig. S3 B-G),
extending to the ciliary tip. The exceptional case (shown in S/
Appendix, Fig. S34) is inconclusive, because the nonciliated
centriole was located beneath the basal body instead of at the
side, making the assignment of the first MtC ambiguous.

The diameter of the cilium reduces gradually toward the distal
end (Fig. 1 D-J; also see Fig. 4 A-D) as the complement of the
MtCs decreases (Fig. 41). This trend is common among all our
reconstructed primary cilia (SI Appendix, Fig. S4). The tip re-
gions of our reconstructed primary cilia only contain microtubule
singlets that are the A-tubules of the remaining MtCs (the green
lined regions in Fig. 4 and in SI Appendix, Fig. S4).

Interestingly, the overall architecture of the peripheral mi-
crotubules displays a slight right-handed twist at the basal region,
particularly before the number of the microtubules decreases
(regions “d” to “g” in Fig. 1B and Fig. 1 D-G). For short cilia, the
twist is evident for the whole cilium length (SI Appendix, Fig. S5).

The closely packed MtC bundle shown in Figs. 1 and 24 has a
thicker basal region and a thinner distal region, in contrast to
the hollow cylinder model of nine peripheral MtCs, for which the
axoneme diameter remains relatively constant. Generally, the
basal regions of primary cilia exposed to liquid flow are subjected
to a much larger torque than the distal regions. The architecture
of the primary cilium axoneme, shown in Fig. 2, provides a strong
backbone for elastic bending in a liquid flow (6). A thicker basal
region with more MtCs is expected to confer higher flexural

Sun et al.


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1821064116/video-3
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821064116/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1821064116/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1821064116/video-2
https://www.pnas.org/cgi/doi/10.1073/pnas.1821064116

L T

z

1\

BN AS  DNAS P

Fig. 2.

Length profile of the MtCs in the axoneme. The axoneme structural model, shown in A, can be disassembled to extract individual MtCs sequentially,

as shown in B (also see Movie S3). For each MtC, from the left to the right, the A-tubule and B-tubule are in slightly different colors following the color key in
Fig. 1. The black arrows point to where triplets become doublets: location “d” marked in Fig. 1B, is also where the primary cilium starts to extend into
extracellular space. The lengths of the nine MtCs within this primary cilium are different. They range from 0.9 to 3.0 pm. Please refer to S/ Appendix, Fig. S3G

for the length profile of the primary cilium.

rigidity for primary cilia. This should aid in both resisting the
larger bending torque at the base and in subsequently to regaining
the orientation perpendicular to the epithelial. Assuming laminar
flow in a tube, the thinner distal region provides a greater bending
response to fluid shear at the tip, while reducing the area con-
fronting the flow, thereby reducing the bending stress. The right-
handed twist of the MtC bundle (SI Appendix, Fig. S5) is a natural
extension of the basal body, for which a right-handed twist was
previously reported (49). This twist will also help the axoneme
structure withstand overall flow stress.

It is a surprising finding that the lengths of the nine MtCs
differ significantly within a primary cilium. This indicates possi-
ble divergence in assembly and maintenance processes between
those of primary and motile cilia. For example, we know that
intraflagellar transport (IFT) is responsible for the transport of
proteins between the base and the distal end using MtCs as the
transportation track (50, 51). The differences in MtC configu-
ration and length suggest some dissimilarities between IFT
processes in motile and primary cilia. In motile cilia, the anter-
ograde IFT trains move precursor proteins along the doublet B-
tubules from the ciliary base to the doublet tips, which are at the
cilium tip (52). IFT trains reconfigure for retrograde transport
on the A-tubules from the ciliary tip to the ciliary base (53).
Therefore, collisions between the anterograde and retrograde
trains are avoided. A dynamic balancing of the relative rates of
anterograde and retrograde transport is proposed to control
the protein polymerization and turnover at the ciliary tip and
thereby regulates motile ciliary growth and final length (54). This
balance-point model explains well the length regulation of motile
cilia, in which all microtubule doublets have a same or similar
length. However, this model cannot explain the significant length
differences among the nine MtCs within the same primary cil-
ium, unless one postulates that the nine MtCs in a single cilium
do not share the same IFT activity levels.

When anterograde IFT trains reach the end of a doublet B-
tubule, which is far from the primary cilium tip, there are two
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possible options for the next step in the movement: (i) changing
track to a longer doublet B-tubule or (if) transitioning into ret-
rograde IFT trains in the middle of the primary cilium. The
published study on the dynamics of IFT-88 trains showed that
almost all of the anterograde IFT trains reach the distal tip re-
gions before they turn into retrograde IFT trains (55). In addi-
tion, sometimes there are short pauses in the anterograde
movement of IFT trains toward the tip, as shown in the kymo-
graph (figure S3A in ref. 55). It is plausible that the pauses are
associated with a track switch event where the anterograde IFT
trains reach the end of a short B-tubule and then change to a
longer doublet B-tubule. Such kinds of pauses are seldomly seen
in the movement of retrograde IFT trains in primary cilia, which
is a logical consequence of the longer A-tubules extending to the
tip, providing a direct track back to the ciliary base.

In the primary cilium structure, we generally find only extended
singlet A-tubules in the cilium tip region, particularly for the rel-
atively long cilia: all B-tubules terminate away from the tip, at
distances that can exceed 500 nm (shown in Fig. 41 and SI Ap-
pendix, Fig. S4). This indicates that anterograde IFT trains may not
directly reach the ciliary tip, because they generally travel via the
B-tubules, which avoid collisions with retrograde IFT trains trav-
eling along the A-tubules (52). An alternative mechanism in
Caenorhabditis elegans has OSM-3 kinesin-driving anterograde IFT
trains along singlet A-tubules (56). However, knockout in mice of
Kif17, a mammalian analog of OSM-3, did not yield a phenotype
for the rod photoreceptor outer segment (57). This indicates that
Kif17 is unlikely a kinesin motor responsible for driving IFT trains
toward the distal end at the tip region through A-tubules in
mammalian primary cilia. Diffusion has been found to play an
important role for molecular trafficking in primary cilia (55) and
likely contributes to protein trafficking near the ciliary tip region.

Doublet-Singlet Transitions. To analyze how microtubule doublets

transition to microtubule singlets, the density maps at the tran-
sitional regions for MtCs in seven primary cilia (63 MtCs in all)
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Fig. 3. Microtubule doublet-to-singlet transition. Six transition types are shown with their end-on views of sequential cross-sectional tomo-slices looking
from the proximal end to the distal end (left to right) in A-F. The upside of the doublet images face to the outer side. Red arrows in the tomo-slices point to
the gap of the microtubule wall of protofilaments. The last column of the A-F displays schematic illustrations and the population ratios for each type of
transition. Type 1 and type 2 dominate the doublet-singlet transition occurrence. Their averaged density maps are displayed in G and H, respectively, which
reveals a large gap at the inner junctions (see Movies S4 and S5 of the averaged 3D maps for the type 1 and 2 transition regions, respectively). A-tubules are
displayed in yellow, B-tubules in green. The yellow arrows in the tomo-slices, A-F, point to some fibrous structural components (inter-MT links). The volume
rendering in / shows the same region of that in A, and demonstrates a fibrous feature of the inter-MT links (indicated by the magenta circles). The inter-MT
links connect neighboring MtCs as seen in the magenta circle on the right. They are also found to extend further, as marked by the left magenta circle in /,
toward the ciliary membrane, and finally join a dispersed density on the membrane (also see Fig. 4).

were investigated. Six transition types were identified and defined
based on structural characteristics. Fig. 3 A-F displays sequential
cross-slices of the tomograms viewing from the proximal to distal end
for the six transition types. The inner and outer sides were identified
by tracking the doublets from the proximal end near the basal bodies.
The doublet-singlet transition mostly occurred with the incomplete
B-tubule terminating first (shown in Table 1: types 1-5 in addition to
some type-unassigned cases in which the B-tubules clearly terminate
first but were difficult to define further). A-tubule terminated first for
a small portion of transitions (11%; type 6).

The type 1 and type 2 transitions predominate over 70% of the
population for the 55 transitions that are type-identifiable (Table
1). At the proximal portion of the transition region, both type 1
and type 2 transitions start with a large gap at the inner side as
indicated by the red arrows in the second column of Fig. 34 and B,
which implies a breakage of the inner junction between the A- and
B-tubules of the microtubule doublet (37-39, 58). Toward the distal
region, type 1 develops another breakage at the outer junction
between the A- and B-tubules before the B-tubule terminates
(Fig. 34). In contrast, type 2 does not display an outer-junction
breakage. Rather, the distal end of the B-tubule terminates com-
pletely at the connection location (Fig. 3B). The transition char-
acteristics described above are clearly recognizable in the averaged
subvolumes of the type 1 and type 2 as shown in Fig. 3 G and H,
respectively (also see Movies S4 and S5). The average length of the
transition region (the distance from the proximal end of tubule
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disruption to the region where the tubule terminates) is about
40 nm and 53 nm for type 1 and type 2, respectively (Table 1).

There are also other transition types with a small number of
occurrences (Fig. 3 C-F and Table 1). Type 3 shares some
similarity to that of type 1, but the gaps at the inner and outer
junctions start their development simultaneously (Fig. 3C). For
type 4, the termination of the B-tubule starts with an outer-
junction breakage (Fig. 3D). Occasionally, termination of B-
tubule starts with protofilament damage instead of loss of the
connection between the A- and B-tubule (type 5) (Fig. 3E).

For the cases where the A-tubules terminate first (type 6), the
disruption of the A-tubules always begins with loss of some
protofilaments on the side away from the B-tubule (indicated by
the red arrow in the second column of Fig. 3F). The protofila-
ments that seal B-tubule, referred to as the “partition” (37, 58,
59), always maintain until the B-tubule terminates. The B-tubule
always terminates shortly after the A-tubule ends, and a cluster
of biological material (five of seven, 71.4%) or sometimes fiber-
like densities are found at the end of the terminated B-tubule
(two of seven, 28.6%) (last column in Fig. 3F).

In the primary cilium axoneme, the microtubule doublets often
transform into singlets by termination of the B-tubule. Most dou-
blet-singlet transitions display a longitudinal gap or breakage at
the inner junction between the A- and B-tubules (types 1 and 2 in
Fig. 3 G and H). Based on cryoelectron tomographic studies of
isolated microtubule doublets, the A- and B-tubule protofilaments
at the inner-junction region are loosely connected by a large linker
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Fig. 4. Protein networks linking the axonemal MtCs and the ciliary membrane
and the ciliary envelope showing a decreasing diameter toward the distal tip.
Cross-slices of the 3D density map rendered using the Chimera package are
shown in A-D at locations close to the “d,” “f,” "h,” and “i” arrows in Fig. 1B,
respectively. The network-like densities are colored in gray, showing a wide
distribution along the whole length of the primary cilium. At the basal region
(shown in A), the nine doublets are linked to the ciliary membrane by some-
what Y-shaped densities. There are also long filaments connecting the MtCs to
each other as shown in A-C. The networks connecting the ciliary membrane
and MtCs display two kinds of morphologies as shown in the longitudinal slice
in E and magnified in F~H. One is a continuous density as shown between the
arrows in F and G, of which the cross-section views are circled in B. The other
class of densities are discrete features as in H for which a cross-section view is
circled in C. MtCs are colored following the color key in Fig. 1. The diameter of
the membrane enveloped primary cilium decreases toward the distal tip, as
shown in the profile in / (also see SI Appendix, Fig. S4 for diameter profiles of
six additional primary cilia). The last B-tubule terminates 516-nm away from
the axoneme tip end, which leaves three microtubule singlets present in the tip
region (indicated by a green line in /).

protein density (later referred to as MIP3) with a 16-nm periodicity
(37, 39, 58). It indicates that the inner junction is less compact and
possibly weaker than that of the outer junction for the doublet (37,
58). Meanwhile, additional density was found at the inner junction
of the doublet in the intact motile cilium axoneme (38). In our
density maps of the doublet—singlet transitions, the large gap be-
tween the last B-tubule protofilament and A-tubule at the inner
side (shown in Fig. 3 G and H) indicates that the inner-junction
proteins play an important role in doublet-singlet transition.

The MtCs in the primary cilia axoneme are stable acetylated
microtubules and should not exhibit highly dynamic length changes
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despite their significant differences in length. However, the plus
ends of the A-tubules and B-tubules are not static, and may extend
or disassemble as suggested by the balance point model (54, 60). If
so, the transition types shown in Fig. 3 may represent either growing
or shrinking stages. It is remarkable that the sequential cross-slices
from the proximal to the distal end of the transition type 2 class
(Fig. 3B) resemble the sequential disassembly steps of the micro-
tubule doublet in motile axoneme during Sarkosyl solubilization
treatment (figure 19 in ref. 59). In contrast, the structural mor-
phology of the type 1 transition, in which the protofilament sheet
segment protrudes from the distal end of the B-tubule (Fig. 3G), is
compatible with the growing end of microtubule polymerization
model (61, 62). The majority of doublet-singlet transition cases
display an open gap at the inner junction, which extends much
farther than that of the outer junction. Considering that the inner-
junction gap must be present for both growth and shortening of B-
tubules, the inner-junction proteins must join the assembly more
slowly than the outer-junction proteins during B-tubule growth for
doublet assembly, and leave the assembly ahead of others when the
B-tubule disassociate. It is therefore a rate-controlling factor for
doublet assembly and an initiating factor for doublet disassembly.
For the cases where A-tubule terminates first (type 6), the
leftover A-tubule partition protofilaments seal the opening of
the B-tubule. The partition was reported as being relatively
stable during chemical disruption of the motile cilium axoneme
(figure 19 in ref. 59). These partition protofilaments can pro-
trude far out of the end of chemically disrupted doublets (63,
64). It was suggested that the proteins in the intraluminal side of
microtubules help integrate these protofilaments (31, 35, 39, 58,
65). However, for cases of the transition type 6, the partition
protofilaments do not extend far and terminate with the B-tubule
protofilaments immediately after the A-tubules terminate.

Protein Networks Link MtCs to MtCs, and MtCs to the Ciliary Membrane.
In the structural maps, we discovered protein densities inter-
connecting MtCs to each other and to the ciliary membrane
through the entire length of the cilium (colored gray in Fig. 4).
These densities are also visible in Fig. 3 A-F, as indicated by the
yellow arrows and their fibrous characteristic is visible in the 3D
volume-rending image (colored gray in Fig. 3). The fibrous
characteristic of these densities is maintained when linking to
neighboring MtCs, as shown in Fig. 3/ (we describe these as
inter-MT links). The inter-MT links can also extend toward the
ciliary membrane to link MtCs to the membrane; however, the
densities generally spread into a dispersive feature when they
reach the ciliary membrane (Fig. 4 A-D).

The basal region near where the cilium starts to protrude
(location “d” in Fig. 1B) follows a ninefold symmetry and dis-
plays a morphology of MtC-membrane connections similar to
the Y-shape linkers or “champagne-glass” structures reported in
motile cilia (66) and primary cilia (26) (Fig. 44 and SI Appendix,
Fig. S1). They are believed to be associated with the “necklace”
structures in the ciliary membrane of motile cilia (66). There are
also filamentous connections that link neighboring doublets at
this location (Fig. 44), but a regular structure resembling the
stellate pattern reported for the basal region of motile cilia was not
observed (48). These filamentous connections are invisible after
applying the ninefold rotational symmetry, indicating that they lack
a regular structure with a ninefold symmetry (SI Appendix, Fig. S1).

Moving away from the basal region, the microtubule-membrane
connections display either discrete or continuous morphologies
along the MtCs. The discrete densities are separated from each
other and sometimes display distinct locations about 88-nm
(13 nm) apart (indicated in Fig. 4H by arrows). These dis-
crete connections show fibrous characteristics like the inter-MT
links (Fig. 3I), but they branch out into the dispersive densities
on the membrane (Fig. 4H and the blue “h” region in Fig. 4C). In
contrast, the continuous densities cover some distance along the
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Table 1.

Class No.

Population percentile (%)

Profiles of doublet-singlet transitions in the IMCD3 primary cilia

Transition length average (nm)

B-tubule terminates first

Type 1 20
Type 2 19
Type 3 3
Type 4 4
Type 5 2
Unidentifiable 8
Subtotal 56
A-tubule terminates first

Type 6 7
Total 63

31.75 39.67 + 13.37
30.16 53.28 + 12.43
4.76 38.41 £ 5.42

6.35 35.02 + 10.76
3.17 38.23 + 0.66
12.70
88.89 44.15 + 13.82
11.11
100

MtCs beneath the membrane, and they generally do not display
fibrous characteristics. Their long and continuous nature resem-
bles the train-like densities of IFT complexes in Chlamydomonas
(51, 52, 67). They are relatively thick and sometimes cause the
ciliary membrane to bulge slightly (e.g., between arrowheads in
Fig. 4 F and G). However, we were unable to identify the pre-
viously reported structural features of individual IFT complexes
(52, 67), probably due to the missing pyramid in the Fourier space
that is parallel to these density features. In the structural map, the
continuous densities are found to be associated with both the A-
tubule and B-tubule of microtubule doublets. These are likely to
represent IFT complexes.

As we discussed in previous sections, the closely packed struc-
ture of the MtC bundle generally presents a 7+2 format but
evolves along the length of primary cilium with a reducing number
of MtCs. The progressive evolution and rearrangement is orderly
and proceeds in a relatively stable manner, as shown in Fig. 1 C-
G, rather than being a stochastic process. Inter-MT links are
found cross-linking adjacent to both MtCs, and MtCs to the ciliary
membrane. These features likely augment axonemal-structural
stability, thereby strengthening the primary cilia to withstand the
liquid flow and perform reversible elastic bending.

Membrane Vesicles Are Released from the Primary Ciliary Membrane.
The structural morphology of our 3D maps provided a direct visu-
alization of vesicle budding from primary cilia. The ciliary membrane
was well preserved in our structural maps, and was found to
contain protrusions and vesicles, as shown in Fig. 5. The overall
morphology of the ciliary membrane in Fig. 5 suggests stages of
vesicle release, including initiation of protrusion (Fig. 5E), budding
out (Fig. 5B), and completion of separation (Fig. 5 C and D).

It was proposed that signaling molecules may be released with
ciliary membrane budding (68, 69), and vesicles released from
motile cilia/flagella and neuronal primary cilia are proposed to
be ectosomes for cell-cell communication (70, 71). Furthermore,
receptors were reported to be released with membrane shedding
of at the tip end of primary cilia (72). The direct visualization of
budding vesicles in the structural maps shown in Fig. 5 confirmed
that vesicle budding from the ciliary membrane occurs in primary
cilia of kidney cells. In addition, the data demonstrate that the
vesicles may be released from regions away from the ciliary tip end.

Conclusions

The architecture of the primary cilia differs extensively from the
commonly acknowledged 9+0 paradigm. The local axonemal
architecture of primary cilia is relatively stable, but gradually
evolves from the base to the tip with decreasing numbers of the
MtCs. This causes a reducing diameter for the axonemal architec-
ture from the base to the tip, compatible with a bending property
transitioning from rigid to relatively flexible. The axonemal MtCs
in primary cilia are cross-linked by previously unrecognized fi-
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brous protein networks. They presumably amend mechanical
properties of the primary cilium axoneme and support the elastic
bending under liquid flow required for the mechanosensory
function. The nine axonemal MtCs of a primary cilium differ
significantly in length, indicating that IFT behaviors in primary
cilia must be more complicated than those reported for motile
cilia. Anterograde IFT may need to switch from one MtC to
another to continue travel toward the ciliary tip. A-tubule sin-
glets dominant the framework at the tip regions of primary cilia,
which is compatible with a mechanism where diffusion, in ad-
dition to IFT, plays an important role for molecular trafficking.
The inner-junction gap is a remarkable feature in most of the 3D
maps of microtubule doublet-singlet transition regions, indicating
the inner-junction proteins could be a controlling factor in
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Fig. 5. Membrane vesicles along the surface of primary cilia. A ciliary
membrane model (A) was generated by segmentation of the 3D structural
map using the Amira package. Protrusions and vesicles on the ciliary mem-
brane are highlighted by arrows in A, and the corresponding cross-sectional
views are displayed in B-E. A double-membrane vesicle was found as shown
in D. The morphologies of the vesicles indicate they are released from the
ciliary membrane.
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doublet-singlet transition. Ciliary vesicles may serve as ecto-
somes for cell-cell communication.

Materials and Methods

Cell Culture and Cilia Growth. For this work, we examined the structure of
primary cilia with an IMCD3 cell line stably transfected with a GFP-fusion-
SSTR3 [a gift of the Nachury laboratory at Stanford University, Stanford,
CA (73)], an MDCK cell line with YFP-fusion-Smo [a gift from the Lippincott-
Schwartz laboratory at NIH, Bethesda, MD (74)], and a LLC-PK1 cell line with
a GFP-fusion-SSTR3 that we generated. IMCD3 cells and LLC-PK1 cells were
cultured in DMEM with 5% FBS and 10% FBS, respectively. MDCK cells were
cultured in Eagle’s MEM (EMEM) with 7% FBS. Cells were seeded inside the
high pressure freezing (HPF) planchets (part no. 242; Wohlwend) that were
carbon-coated in advance, and incubated at 37 °C under 5% CO,. IMCD3 and
LLC-PK1 cells were serum-free in DMEM (without serum for 2 d) and MDCK
cells in serum-free EMEM to induce cilia, and then evaluated for cilia by
light microscopy.

Primary Cilia Protection for Making EM Specimens. Cells with primary cilia
were rinsed in the planchets with PBS for 10 min at 37 °C, and then fixed with
2.5% glutaraldehyde in 37 °C PBS buffer for 0.5 h, and at room temperature
for 0.5 h. The cells in planchets were rinsed with PBS once for 10 min fol-
lowed by soaking in 0.05% poly-lysine (Sigma) solution in PBS for 3 min at
room temperature. After a PBS rinse, a drop of concentrated Escherichia coli
JM109 cell suspension (prefixed with 2.5% glutaraldehyde and washed with
PBS) was added into the planchet. After another fixation with 2.5% glu-
taraldehyde for 1 h and a rinse with PBS for 10 min, a drop of 10% BSA
solution in ddH,0 was added. After 20 min, a drop of 1 M DL-DTT (Sigma) in
ddH,0 was introduced. After 20 min, the planchets would appear to be
covered with a layer of flocculent-matrix. The planchets were then placed
into 2.5% glutaraldehyde for 1 h.

HPF and Freeze Substitution. The HPF and freezing substitution were per-
formed as described previously (75, 76) with minor modifications. After
rinsing three times with PBS, each planchet containing pretreated IMCD3
cells was covered with a second planchet to form a sandwich, which was
subjected to HPF at 300 bar in a high-pressure freezer (Balzers HPMO010;
Liechtenstein).

The frozen planchets were placed in 1-mL tubes with the precooled
(=140 °Q) substitution solution: 0.05% uranyl acetate and 1% osmium te-
troxide in acetone containing 2% water. Programmed steps in a freeze-
substitution device (Leica AFS2) were then applied: —90 °C, 48 h; —60 °C,
12 h; =20 °C, 12 h; 0 °C, 2 h, with 5 °C temperature increment per hour
between steps. The substitution solution was replaced by pure acetone with
temperature increased from 0 °C to room temperature (six changes over 3-
4 h). The samples were then infiltrated with graded resin (SPI-PON 812; SPI-
CHEM) in acetone, 10%, 20%, 50%, 75%, 90%, and 100% (3x) over 3 d.
Specimens in resin were then polymerized at 60 °C for 2 d.

Room-Temperature Processing for EM Specimen Preparation. No major struc-
tural differences significant to our investigation were noted comparing the
freeze-substituted specimens and the samples prepared using the room-
temperature process. The microtubule arrangement in the latter specimens
is more distinctive than that in the former. Therefore, data for the reported
structural model was generated using data from the room-temperature—
processed specimens.

The planchets with pretreated IMCD3 cells were rinsed with PBS (3 x
10 min), and were postfixed, dehydrated, and infiltrated at room temper-
ature following previously reported methods with minor modifications (52,
77,78). In brief, cells were postfixed with 0.125% potassium ferricyanide and
1% osmium tetroxide (Sigma) for 1 h. After washing with ddH,O (3 x
10 min), the cells were dehydrated with a graded ethanol series (30%, 50%,
70%, 90%, and 95% in water and 10 min per step). Pure ethanol was then
applied (3 x 10 min). After substitution with pure acetone (3 x 10 min), the
samples were infiltrated with a graded series of resin (SPI-PON 812; SPI-
CHEM) in acetone (25%, 50%, 75%) within 24 h. After infiltration with
pure resin (three times within 24 h), the specimens in resin were polymerized
at 60 °C for 2 d.

Scanning EM Sample Preparation and Imaging. The preservation of primary
cilia was examined using scanning EM (SEM) to test the effects of fixation with
glutaraldehyde and postfixation with osmium tetroxide, to identify and solve
the cilium truncation problem during TEM sample preparation. Cilia trun-
cation was found to occur after postfixation.
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For SEM, cell specimens of the planchets were dehydrated and critical
point-dried using a Samdri-795 (Tousimis). The samples were then coated
with gold using a Cressington 108 sputter coater (Ted Pella). The prepared
SEM specimens were examined on a dual beam SEM (NEON 40EsB; Zeiss)
operated at 1.5 kV. Images were taken using the signals of secondary elec-
trons and secondary ions that is provided by a SESI detector.

Serial Sectioning and Staining. The resin blocks containing the specimens were
trimmed and serial 120- to 150-nm cross-sections were prepared using a
UC6 microtome (Leica). The sections containing specimens were stained with
2% uranyl acetate and Reynolds' lead citrate solution (77, 79) after collection
onto individual slot copper grids coated with Formvar film. These semithin
sections were used for electron tomographic data collection.

Electron Tomography. Primary cilia were located in each serial section from the
basal body to the tip with a multispecimen holder (Gatan) in a JEOL 1400 TEM
(JEOL) operating at 100 keV. Colloidal gold beads (10 nm; Sigma) were added
to both sides of the sections as fiducial markers before tomographic data
collection. Electron tomographic imaging was carried out with a Philips
Tecnai F20 EM operating at 200 keV using Serial EM software (80). The dual-
axis tilt series images were captured on a 4k x 4k charge-coupled device
detector (TVIPS TemCam-F415 and TemCam-F416) with the angle ranging
from —65° to +65°, with 1° increments.

The tomographic tilting serials were processed and reconstructed with
IMOD software (81). Briefly, the 2D tilt-projections were preprocessed to
remove X-ray hot spots and make the rough alignment, and then fine
alignment was conducted, utilizing the fiducial markers. The SIRT reconstruc-
tions were carried out using Tomo3D (82). The reconstructed a-axis and b-axis
tomograms of each serial cross-sections were combined using IMOD (81).

Merging the Serial Tomograms for the Complete 3D Structural Maps.

Initial rough combination. All of the tomograms obtained from each cross-
section of the serial sections for the whole primary cilia were combined
using the IMOD function “Join Serial Tomograms” (81). Briefly, the density
volumes of primary cilium segments were roughly trimmed out with margins
from the dual-axis tomogram series. The orientations of these subtomo-
grams were determined based on the x-, y-tilt angles obtained using the
“slicer” function of IMOD. The serial tomograms were roughly combined
first, after the orientations were corrected, to form a raw tomogram stack.
Refined combination. The top and bottom slices of each subtomogram in the
tomogram series were carefully examined, and the slices that did not contain
density of biological materials were trimmed away. These newly generated
serial tomograms were recombined, and more detailed features close to the
interfaces were used as tracers to achieve the refined joining. In a second
round, the interfaces between tomograms were checked carefully. If there
was a big shift within the neighboring tomograms, we would trim and
separate the joined tomogram at the interface to form two tomograms and
rejoin together using more detailed features in the structural maps. The
refinement process was considered complete after the entire combined to-
mograms had an internally consistent appearance. During the whole joining
process, translation, rotation, and magnification adjustment were allowed.
The default full-linear transformation option was not used avoiding artifacts
and structural distortion.

Three-dimensional masks were generated using Amira for the aligned
tomograms of each primary cilium. The individual tomograms for each cilium
were scaled to the same mean and SD based on density statistics within the
corresponding mask. The scaled tomograms for a specific cilium were then
joined together to generate its 3D structural map.

The complete structural map for each primary cilium often requires
combining dozens of serial tomograms. Direct calculation to combine them
together at once was extremely slow and often caused our most advanced
image processing workstation to hang. Therefore, we divided the serial
tomograms into a number of groups, with each group consisting of ~10 in-
dividual tomograms. We carried out the combination for each group first,
and then combined the resulted 3D maps together to obtain the final
complete structural maps.

Density Map Analysis. The file size of the combined 3D structural maps for
each cilium may reach over 10 GB. Therefore, the combined structural maps
were trimmed, using IMOD tools, to eliminate the structural features outside
of the primary cilia that were useful for serial tomographic data combination,
but were not part of primary cilia. Bsoft was used to bin and change the data to
byte type to reduce the file size before segmentation and visualization (83, 84).

The segmentation of MtCs and membranes and structural model building
was carried out using the 3D interactive tool in Amira software (Thermo
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Fisher). The movies were generated with Amira software using the “Demo
Maker” and “Movie Maker” functions. University of California, San Francisco
Chimera was used to render and display the densities in cilia (85), in com-
bination with masks generated using Amira software.

For diameter and length measurement, Fiji (Imagel) software (86) and
IMOD (81) were used. Before the measurement, the voxel size was calibrated
using 13-protofilament microtubules with known diameter (35). Lengths of
the MtCs were measured directly. Diameters along the primary cilia were
calculated based on the measured circumferences of the membrane circle
shown in the cross-sectional slices of the primary cilia in the tomograms. The
interval of the circumference calculation in longitudinal direction is ~50 nm.

For this work, we located and traced 56 primary cilia of IMCD3 cells in
successfully prepared serial sections under electron microscopes. Of them, we
successfully collected complete EM micrographs of serial sections for 11 primary
cilia. Among these cilia, we successfully completed electron tomographic
studies for seven: three single-axis electron tomographic studies (shown in
Movies S6, 510, and S11) and four dual-axis studies (Movies S1 and $7-59) of
serial cross-sections. In total, 160 tomographic datasets (78 dual-axis tomo-
grams and 82 single-axis tomograms) were successfully obtained, recon-
structed, and merged to generate the seven 3D structural maps of these
primary cilia. Movies S1 and S6-S11 display a slicing through of the tomo-
grams, revealing the structural evolution of the MtC architecture along the
cilium length. These seven structural maps enabled investigation and mea-
surement of structural features for the microtubule-based axonemes and
helped us to develop an understanding on some common structural features
for the primary cilia. To make the structural presentation straight-forward, we
have chosen one typical structural map of a dual-axis tomogram of a primary
cilium of 3-um length to build a detailed 3D structural model. This 3D model is
used to present the common structural features of IMCD3 primary cilia.

Subtomogram Alignment and Averaging. The regions where microtubule
doublets change to microtubule singlets were visually identified using IMOD
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