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Primary cilia carry out numerous signaling and sensory functions,
and defects in them, “ciliopathies,” cause a range of symptoms,
including blindness. Understanding of their nanometer-scale ciliary
substructures and their disruptions in ciliopathies has been hindered
by limitations of conventional microscopic techniques. We have
combined cryoelectron tomography, enhanced by subtomogram av-
eraging, with superresolution stochastic optical reconstruction mi-
croscopy (STORM) to define subdomains within the light-sensing
rod sensory cilium of mouse retinas and reveal previously unknown
substructures formed by resident proteins. Domains are demarcated
by structural features such as the axoneme and its connections to
the ciliary membrane, and are correlated with molecular markers of
subcompartments, including the lumen and walls of the axoneme,
the membrane glycocalyx, and the intervening cytoplasm. Within
this framework, we report spatial distributions of key proteins in
wild-type (WT) mice and the effects on them of genetic deficiencies
in 3 models of Bardet–Biedl syndrome.
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Primary cilia have been intensively studied in recent years
because of their importance in sensory signaling, develop-

ment, and physiological homeostasis. A host of inherited defects
in cilium or basal body structure and function cause ciliopathies,
a group of human diseases whose clinical symptoms include
mental retardation, polydactyly, obesity, cognitive defects, cystic
kidneys, and blinding retinal degeneration (1).
Mammalian primary cilia contain hundreds of different poly-

peptide components (2–4). In most cases, their precise locations
and functions are not known. They include molecules necessary for
precisely regulated transport of molecules into and out of cilia,
such as the intraflagellar transport (IFT) proteins of the IFT
complexes, as well as numerous receptors, ion channels, trans-
porters, and structural proteins.
Photoreceptors in the vertebrate retina contain specialized

sensory cilia known as outer segments (OSs) (5), cylindrical
structures roughly 20 μm in length and 1.5 μm in diameter, packed
with membrane disks containing proteins of the phototransduction
cascade. They connect to the inner segment (IS) of the cell by a
short (∼1.1-μm) connecting cilium (CC), which contains an axo-
neme extending from a basal body (BB) complex in the IS, and
resembles the transition zone of other cilia (6). A pericentriolar
region surrounds the BB and the membrane adjacent to primary
cilia forms a ciliary pocket, which in photoreceptors takes the form
of a periciliary membrane that extends along 1 side of the CC (7).
The microtubule doublets of the axoneme within the CC are

surrounded by a 50-nm layer of cytoplasm and enclose a 150-nm
central lumen for a total CC diameter of ∼300 nm (8). The re-
quirement for daily renewal of ∼10% of the OS membrane mass
through transport up the CC (9) and the high metabolic demands
of phototransduction place stringent demands on this structure,
as evidenced by the number of ciliopathies which lead to retinal
degeneration involving progressive rod cell death and blindness

(10). Understanding the structure and organization of the CC is
important for understanding these blinding diseases. The CC
serves as an informative model for mammalian primary cilia and is
particularly accessible to studies of in vivo structure and function.
Two groups of supramolecular complexes important for pho-

toreceptor function and health and in transport mechanisms
conserved among eukaryotic cilia are the IFT complexes and the
BBSome complex formed by proteins associated with Bardet–
Biedl syndrome (BBS). BBS is a retinal ciliopathy caused by mu-
tations to over a dozen BBS genes. The BBSome is a large protein
complex composed of 8 BBS ciliary proteins: BBS1, BBS2, BBS4,
BBS5, BBS7, BBS8, BBS9, and BBS18 (11, 12), whose for-
mation requires essential BBS chaperone proteins including
BBS17/LZTFL1 (leucine-zipper transcription factor-like 1)
(13). Bbs mutant mouse models display progressive retinal
degeneration, with loss of most photoreceptors by 6 mo of age
(14, 15). Rod cell death is preceded by defects in protein locali-
zation and aberrant subcellular morphology. In Bbs4−/− mice at
early stages, 35-nm vesicles accumulate within the lumen and near
the base of the CC (8). In Bbs1M390R and Lztf1l/Bbs17−/−mutants,
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aberrant membranes were observed in the OS near the distal end
of the CC (13).
The IFT-A and IFT-B transport complexes form large “trains”

that bind to microtubule motor proteins kinesin-II and dynein to
traverse the microtubules of the axoneme and deliver cargo pro-
teins to or retrieve them from primary cilia (16). The retinal de-
generation observed in Ift88/Tg737 mutant mice reveals their
importance in rod cilia (6). Live-cell imaging of primary cilia in
cultured cells revealed the BBSome moving bidirectionally along
the axoneme at the same rate as IFT proteins (12), suggesting
BBSome–IFT interactions and shared trafficking mechanisms.
The functions of the BBSome and other ciliopathy-associated

complexes in CCs depend on their precise locations. A major
limitation in determining their subciliary locations has been the
lack of an accurate map of the nanoscale molecular organization
of the CC and surrounding regions. Confocal immunofluorescence
microscopy has limited ability to reveal subciliary distributions
because the entire 300-nm width of the CC is only slightly wider
than the ∼250-nm FWHM of the narrowest point-spread function
practically achievable with a confocal microscope (17). Conven-
tional electron microscopy (EM) has provided a somewhat fuzzy
picture of the ultrastructure of the CC (5), confounded by the
ambiguity imposed by multiple contrast mechanisms in samples
stained with heavy-metal salts and by structural distortions in-
troduced by fixation, embedding, and ultrathin sectioning.
Two complementary nanoscopy techniques that overcome many

of these limitations are cryoelectron tomography (cryo-ET)
and superresolution single-molecule localization fluorescence.
Cryoelectron tomography has provided insights into the rod cell and
CC structure (8, 18), but previous studies have not made use of the
dramatic improvements in signal-to-noise and resolution that can
be obtained through the technique of subtomogram averaging (19).
This technique has been applied with great success to eukaryotic
flagella (20–22), which are motile cilia, and to centrioles (23) but is
just beginning to be applied to mammalian primary cilia (5).
Superresolution fluorescence nanoscopy makes it possible

to localize specific proteins at resolutions well below the diffrac-
tion limit by immunofluorescence. Stochastic optical reconstruc-
tion microscopy (STORM) uses antibodies conjugated to organic
“photoswitching” fluorophores that cycle from a dark state to an
active emitting state, and switch off again, repetitively. In STORM,
many thousands of these random single-molecule photoswitching
events are captured and each of their images is fit to a Gaussian
profile whose center defines the molecule location with high pre-
cision in the x–y dimensions that are collectively used to generate
reconstruction maps (24).
In this work, we have used cryoelectron tomography and sub-

tomogram averaging to define the 3-dimensional (3D) architec-
ture of the basal connecting cilium and mother centriole. We
combined the results with STORM imaging to define the radial
subcompartments of the CC via subdiffraction reconstruction
of immunotargets. The molecular constituents of the CC were
reconstructed into 4 distinct layers, and localization details were
revealed within these layers, including the IFT trains and their
partial colocalization of the BBSome as protruding complexes in
the connecting cilium. Finally, STORM imaging was used to de-
termine the subciliary effects of BBS mutations on the organiza-
tion and localization of the rod cilium and its components.

Results
Structure of the Connecting Cilium by Cryo-ET and Subtomogram
Averaging. To determine the repeating structural features of the
CC and define the subdomains’ geometries, we collected cryo-ET
data on rods as described previously (5, 8, 25) and selected an
unflattened region of the basal 1/3 of a single CC for subtomogram
averaging, based on 9-fold symmetry, using an approach previously
used to refine the structure of a mouse rod daughter centriole (5).
The resulting map (26) (Fig. 1 A–H) showed good signal to noise
and many clearly resolved nanometer-scale features from the base
of the mother centriole through the entire length of the selected
region of the axoneme. These include the microtubule triplets of

the centriole, the microtubule doublets of the axoneme, the ciliary
membrane, and connections between the microtubules and the
membrane. One interesting observation is a structure in the axo-
neme lumen at the junction between triplets and doublets, which is
reinforced by 9-fold averaging, and which resembles the terminal
plate of motile cilia (Fig. 1 C–E, green). There are numerous fil-
amentous and planar structures emanating from the mother cen-
triole of the basal body, which are reinforced by 9-fold averaging;
these bear little resemblance to the pinwheel-like or weather
vane-like structures referred to as “distal appendages,” “transition
fibers,” or “alar sheets” in conventional transmission electron mi-
croscopy (TEM) images of other basal bodies (e.g., Fig. 1 I, b), but
likely correspond to transition fibers.
In maps not subjected to 9-fold averaging, there are structures

associated with the mother centriole near the base of the axo-
neme (Fig. 1I). The strongest and most continuous feature be-
gins near the axoneme base and slopes away from the CC and the
centriole with a slight curve (Fig. 1I, black arrows). Nearby, there
are arrangements of clumps of density that extend in a roughly
triangular shape away from the basal body (Fig. 1I, white ar-
rows). Although these are much less dense than strong features
such as the microtubules or the curved structure, it is likely that
these appear much darker in conventional TEM images, such as
Fig. 1 I, b, due to disproportionate accumulation of stain relative
to their mass, giving rise to the distal appendages.
There are also connections between the basal region of the

axoneme and the ciliary membrane that display 9-fold symmetry,
and likely correspond to the structures commonly referred to as
“Y-shaped links” or “champagne glass structures” (Fig. 1H).
Although these do have a Y-shaped appearance in certain pro-
jection views, they actually consist of 2 different types of con-
nections, each type emerging from the axoneme at a different
angle and appearing at different axial positions.
The symmetrized map (Fig. 1 A–H) reveals several subciliary

structural domains. These include the mother centriole, con-
taining triplet microtubules and a lumen, along with protruding
appendages; the central structure at the boundary between the
triplet microtubules of the centriole and the doublet microtu-
bules of the CC; and the axoneme composed of microtubule
doublets, the lumen of the axoneme, the volume between the
axoneme and the ciliary membrane, the membrane itself, and the
glycocalyx extending from it. This last feature is not visible in our
map, likely due to its lack of 9-fold symmetry and relatively low
electron density. These clearly demarcated structural domains
provide a framework for interpreting immunolocalization results
in the context of a 3D model.
A feature of this structure not readily apparent in conven-

tional TEM images is the difference in geometries between the a
and b microtubules of the centriole and those of the axoneme.
The inner diameter of the ring formed by the a microtubules
contracts from 176 nm at the base of the centriole to 136 nm in
the axoneme, with a 5° inward rotation of the line connecting the
centers of the a and b microtubules. The microtubules are not
perfectly straight. As can be seen in Fig. 1F, there is a 16° right-
hand twist of the a and b microtubules along the 650-nm length
of the centriole and axoneme in the map.

Superresolution Fluorescence Nanoscopy of Rod Cilium Domain
Markers. In order to define subdomains in molecular terms,
we tried several approaches to acquiring STORM data from
immunostained mouse rods, beginning with a preparation used
previously to determine structural features of the rod cilium by
cryoelectron tomography (8, 25), and including methods we used
previously for immunolocalization in retinal whole mounts (8, 25),
with a variety of fixation and membrane permeabilization methods.
These all suffered from either poor photon yield or poorly pre-
served cellular morphology. We eventually developed a protocol
adapted from one used previously to image retinal interneurons
(27) in which retinas are labeled with organic dye-conjugated an-
tibodies, followed by embedding and sectioning with an ultrami-
crotome, and etching with sodium ethoxide. This procedure yields

Robichaux et al. PNAS | November 19, 2019 | vol. 116 | no. 47 | 23563

CE
LL

BI
O
LO

G
Y

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L

BI
O
LO

G
Y



Doublets (CC)

0 140 nm

D

E F

GC 300 nm

65
0 

nm

150 nm

H

680 nm

Triplets (BB)

Triplets Doublets

B

0 10 nm 20 nm

30 nm

c

b

3030 30 30 30 3030 30303030300 30 03030 3030 3030 303030303030 3030333030330300 nmnmnmnmnmnnnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnmnnm 50 nm40 nm30 nm

MC

d

150 nm

I

a150 nm

A

b c

9-fold
averaging a + b

E FF

Rod cilium (top view)

E F

MC

CC

150 nm

cr
yo

-E
T

a CC

Fig. 1. Structure of the connecting cilium and basal body by cryo-ET and subtomogram averaging. (A) Views down the CC axis of the tomogram used for 9-
fold averaging. (A, a) Before averaging. (A, b) After 9-fold averaging. (A, c) a and b superimposed. (B) Volume-rendered representations of the final map after
9-fold averaging and 15-nm low-pass filtering. (C–F) Surface representations of the entire map (C, D, and F) or a portion sectioned along the ciliary axis (E)
from the side. (C) Top view (CC end). (D) Bottom view (BB end). (E and F) Side view. Coloring is by radius as shown. The terminal plate is the green structure in
the lumen at the boundary between the triplet microtubules of the mother centriole and the doublets of the CC axoneme (C–E). (G and H) Surface rep-
resentations of the transition zone of the CC. In the more distal portion (G), no 9-fold symmetric connections are seen between the microtubules and the
membrane. In the more basal portion (H), there are 2 distinct types of connections between the axoneme and plasma membrane at lower (thin arrow) and
more distal (thick arrow) axial positions. (I) Views of the CC–BB junction without averaging. Black arrows show features likely corresponding to transition
fibers or distal appendages. White arrows show features routinely observed extending in an arc away from the microtubule triplet–doublet junction. (I, a)
A surface rendering of a segmented version of a typical tomogram, with these features highlighted in green. (I, b) A conventional TEM region of the
same region for comparison. (I, c and d) Volume-rendered sections through another typical tomogram (different from those in A, H, and I, a). (I, c) End-on
views up the axis of the mother centriole (MC) or down the axis of the CC axoneme (CC); both show flattening, which precluded subtomogram averaging. (I, d)
Side views of successive 10-nm sections through the mother centriole and CC. (Scale bars: A, 150 nm; B, 680 nm; C and D, 300 nm; E and F, 650 nm; G and H,
150 nm; I, 150 nm.)

23564 | www.pnas.org/cgi/doi/10.1073/pnas.1902003116 Robichaux et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1902003116


observable photoswitching with reasonable photon yields and good
preservation of cell morphology. Two different types of recon-
structions were generated. Using stringent filtering parameters to
exclude nearly all overlapping “blinking” events (2 molecules with
simultaneously overlapping diffraction-limited images), we gener-
ated true STORM single-molecule maps of labeled antigens with
nominal localization accuracies of ≤30 nm (Fig. 2B). For marking
the central axis of the CC, we used antibodies specific for 2 anti-
gens whose localization is well-characterized within the cilium:
acetylated alpha-tubulin (acTub), the major component of the
microtubule doublets of the axoneme, and centrin-2, a calcium-
binding protein known to occupy the lumen of the axoneme (28)
(Fig. 2B). Once the true distributions of our standard markers for
the axoneme, acTub and centrin-2, were established, we generated
reconstructions of these with reduced stringency that included both
single- and double-molecule events and additional events above
and below the plane of focus. These reconstructions provide very
accurate representations of the central axis of the CC with higher
sampling frequency than those from more stringent filtering (SI
Appendix, Fig. S1C) and are labeled “centroid” in the figures.
These were used for computational straightening and as reference
axes for other antigens (see SI Appendix,Materials and Methods for
further details). Although the stringent reconstructions yield pre-
cise locations of individual molecules, the resolution of their de-
piction of the cilium structure is limited by the size of antibody
labeling complexes, flattening during sample preparation, and
sampling frequencies of true single-molecule events.
Based on the inside diameter of the axoneme, determined by

cryoelectron tomography to be 156 nm, and a nominal STORM
localization error of ∼25 nm, we might expect the profile of the
luminal centrin-2 staining to have a profile with a width of ∼181 nm.
Indeed, the observed width (distance between profile positions
with amplitudes of 1/e times the maximum) is 187 ± 15 nm (Fig. 2B
and SI Appendix, Fig. S1B; n = 17; see SI Appendix, Table S1 for all
experimental replicate information). This result leads to 2 striking
conclusions: 1) Localization can be determined with resolutions
of tens of nanometers, and 2) centrin-2 is confined to the central
region of the axoneme and is not detectable beyond the microtubules.
This narrow range suggests that centrin-2 may be a component of
the proteinaceous particles previously observed within the central
lumen of the axoneme by cryoelectron tomography (8). Not
surprisingly, the acTub signal has a wider profile, consistent with it
forming the microtubules surrounding the lumen. The average
width is 260 ± 37 nm (from all experiments in Figs. 2–4 and SI
Appendix, Figs. S1–S3; n = 73), consistent with a structure 200 nm
wide, labeled with both a primary and secondary antibody that
could extend beyond the surface of the microtubules by as much
as 20 nm on either side and be subject to moderate flattening.
In cross-sectional views (e.g., Fig. 2B, Bottom Right), the central
location of centrin-2 within the acTub staining is apparent. The
distributions of photon counts per single-molecule event are pre-
sented for the stringently filtered acTub and centrin-2 STORM
reconstructions in Fig. 2B.
The small GTPase Arl13B, a cilium protein with a less well

established subciliary localization within the photoreceptor con-
necting cilium (29), served as a marker for the ciliary membrane
and the cytoplasmic domain outside the axoneme (Fig. 2C and SI
Appendix, Fig. S1 D and E). The signal from this antigen was much
less uniform, and extended well beyond the edge of the axoneme,
consistent with association of this palmitoylated protein (30) with
the ciliary membrane. Arl13B is not restricted to a subdomain of
the CC but is found throughout its length. However, unlike the
centrin-2 and acTub labeling, and in contrast to its appearance at
confocal resolution (e.g., Fig. 2C, Left), the signal was not dis-
tributed uniformly along the length of the CC, and appeared pri-
marily in clusters at irregular spacings along the long axis. A
similar pattern for Arl13B was also observed via superresolution
imaging in other primary cilia (31, 32). This observation of clus-
tering has important implications for Arl13B function in the CC,
suggesting its association with large sparse complexes along the
ciliary axis. It has been reported to act as a guanine nucleotide

exchange protein for a related small GTPase, Arl3 (33, 34), which
in turn plays a critical role in releasing farnesylated proteins from
complexes with PDE6δ/prenyl-binding protein during ciliary traf-
ficking. In addition to the consistently strong labeling of the CC,
Arl13B signal was also seen in the proximal outer segments, with a
diffuse pattern not confined to the region near the axoneme (or-
ange arrows in SI Appendix, Fig. S1 D and E).
To assess the signal for a marker that should be external to

the ciliary membrane, we used the lectin wheat germ agglutinin
(WGA) to label the glycocalyx of the cilium. In previous immuno-
EM studies, WGA–gold conjugates strongly labeled an irregular
glycoconjugate cloud that partially enveloped the CC of rods (35).
The STORM reconstruction of WGA was more than 700 nm wide
in some cases, consistent with a glycocalyx extending hundreds of
nanometers beyond the ciliary membrane (Fig. 2D and SI Ap-
pendix, Fig. S1F).

Localization of IFT Complexes. IFT81 and IFT88 proteins were
targeted as subunits of the highly conserved core of the IFT-B
primary cilium complex. With conventional fluorescence micros-
copy in rods, IFT protein signal was generally concentrated at
either end of the CC with less clear localization along the CC
axoneme (6), whereas IFT88 subcellular localization via immuno-
EM was prominently along the outer face of the axoneme mi-
crotubules (36), consistent with IFT81 being a component of an
IFT tubulin-binding module (37). Both kinesin-II, the anterograde
motor protein for the IFT complex, and dynein, the retrograde
motor, have been similarly immunolocalized to the CC (38, 39).
We observed a very bright signal around the BB for IFT81 and
IFT88, as well as along the axoneme in the OS. Multiple IFT
clusters were observed along the CC (Fig. 3 A and B and SI Ap-
pendix, Fig. S2 B and C), and these STORM clusters were some-
what larger and less numerous than the clusters observed for
Arl13B but were located within the same radial domain. Averaged
along the length of the CC, the average radii were 150 ± 30 nm
(IFT81, n = 9) and 154 ± 32 nm (IFT88, n = 26). These radial
localizations are in the range of those observed with Arl13B (180 ±
51 nm, n = 23), consistent with a reported in vitro Arl13B–IFT-B
complex interaction (40). The large size of the IFT81 and IFT88
STORM clusters suggests they likely represent IFT particles, or
trains, and in some cases, these are very closely associated with the
surface of the axoneme (Fig. 3B); in others, they fill the radial span
between the axoneme surface and the ciliary membrane (Fig. 3A),
consistent with immunoelectron microscopy results showing IFT
staining of the axoneme and the ciliary membrane (36).

Localization of the BBSome and Periciliary Membrane Proteins. To
localize the BBSome, we relied on a monoclonal antibody spe-
cific for the BBSome subunit BBS5, whose localization within the
CC is unresolved (41). Out of many antibodies for BBS subunits
we tested, this was the only one whose staining indicated good
specificity with consistently reliable results under our labeling and
imaging conditions and which we were able to confirm with
knockout retinas (SI Appendix, Fig. S8). STORM reconstructions
with a BBS9 antibody also yielded specific patterns (which we have
not validated with knockouts), but which matched and overlapped
with the BBS5 localization pattern at the CC (SI Appendix, Fig. S2
E and F). To correlate BBS5 signal with the defined radial do-
mains, we colabeled for centrin-2. As shown in Fig. 3C and SI
Appendix, Fig. S2D, BBS5 in the wild-type (WT) retina is located
in 3 subcellular regions at different levels, with very intense
staining at the basal body complex (white stars), somewhat less
intense staining along the axoneme in the outer segment (orange
arrows), and less intense but consistently detectable clusters in the
CC volume outside the axoneme. Somewhat surprisingly, the sig-
nal from these CC clusters extends in many cases considerably
more than 200 nm from the center of the axoneme marked by
“centroid” reconstructions of centrin-2 (mean BBS5 radius 231 ±
57 nm, n = 22), so that BBS5 signal extends beyond the nominal
300-nm width of the CC, even if the extra ∼40-nm width intro-
duced by the antibodies and the localization uncertainty is taken
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into account. These appear to represent localized protrusions of
the membrane into which the BBSome is inserted, although con-
tributions from adjacent periciliary membrane cannot be ruled out
(see below). Local membrane distortions would be consistent with
the observation that the BBSome is able to form a coat on the
surface of phospholipid bilayers (42). In contrast to the IFT pro-
teins which are very closely associated with the BB, BBS5 staining
near the BB is more diffuse, suggesting its association with the
pericentriolar material.

Due to the radial extension of the BBSome and IFT proteins
from the CC axoneme, we next considered the nearby localization
of the periciliary pocket membrane (SI Appendix, Fig. S3A). This
membrane extension of the IS, which envelopes a portion of the
CC, is linked to the adjoining CC membrane by the periciliary
adhesion membrane complex (PMC) composed of proteins asso-
ciated with Usher syndrome (7). Many of the PMC proteins are
also localized within the CC cytoplasm, including myosin VII,
SANS, and whirlin. Together, these scaffold the transmembrane

Fig. 2. STORM reconstruction of 4 distinct layers of the rod connecting cilium. (A) STORM workflow. A differential interference contrast image of the retina
is superimposed on a STORM reconstruction of acetylated alpha tubulin to show the CC location. The STORM image is compared with a wide-field image. A
single CC acTub reconstruction is isolated (yellow arrow) and straightened (gray arrow). All CCs are oriented with the top directed toward the outer segment.
(B–D) Reconstructions of clusters for subdomain markers in 2-color STORM experiments: acTub (magenta) to mark the axoneme; centrin-2 (green; B) to mark
the lumen; Arl13B (cyan; C) to mark the ciliary cytoplasm; and wheat germ agglutinin (yellow; D) to mark the ciliary membrane and glycocalyx. Confocal
images of CCs immunostained with the same antibodies are shown adjacent to the STORM reconstructions. Centroid acTub reconstructions that accurately
define the CC centers are superimposed onto single-molecule STORM reconstructions of Arl13B in C and WGA in D. In B, a histogram of photon counts per
event is presented for the adjacent acTub (magenta) and centrin-2 (green) reconstructions. (B, Bottom Right) STORM reconstruction of a CC cross-section. Row
average intensity profiles are below corresponding STORM images. (E) Diagram depicting STORM localization results in a cross-sectional view of the CC cryo-
ET map, showing average radial locations from STORM images for each CC layer. Yellow arrows indicate STORM clusters in CCs. Orange arrows indicate wide
WGA STORM clusters in CC. White arrow indicates a WGA STORM cluster in the OS. The star indicates a basal body/pericentriolar region.
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receptor proteins of the PMC, including VLGR1 (very large G
protein-coupled receptor 1), which maintain the periciliary–CC
membrane interface (43). With STORM, we localized the PMC in
rod cells by staining for whirlin, which we reconstructed as large
clusters that show very infrequent overlap with centrin (Fig. 3D
and SI Appendix, Fig. S3B); these clusters had a mean radius of
276 ± 75 nm (n = 24), marking the extension of periciliary local-
ized proteins. We confirmed this segregated pattern of localization
for PMC by also staining for VLGR1, which was also localized to
1 side of the CC (SI Appendix, Fig. S3C).

Colocalization of the BBSome with IFT and Periciliary Proteins. To
determine the extent of colocalization of BBS5 with other proteins
within the CC or with periciliary pocket membrane proteins, it was
necessary to include a third label for alpha-tubulin 1 (TUBA1) to
mark the CC and distinguish these proteins within the CC from
their distinct populations in the inner and outer segments. As our
experimental setup precluded simultaneous STORM imaging of
the third label, we superimposed wide-field images of TUBA1
staining on 2-color superresolution reconstructions of BBS5 with
either IFT88 (Fig. 4A and SI Appendix, Fig. S4 A–C) or whirlin
(Fig. 4B and SI Appendix, Fig. S4D). The results for BBS5 + IFT88
reveal that there are membrane protrusions at the CC containing
colocalized IFT88 and BBS5 clusters (Fig. 4A), and others con-
taining only one or the other (SI Appendix, Fig. S4C). The results
for BBS5 + whirlin reveal that in the majority of rod CCs analyzed,
the BBS5 and whirlin molecule clusters are nonoverlapping and
are not apparently contiguous (Fig. 4B), indicating that they are
not colocalized. The extents of STORM colocalization in these
images were quantified with a spatial interaction analysis per-
formed using the estimated molecule coordinates from each im-
aging channel. The interaction potentials from these coordinate
patterns generate an interaction strength parameter (є) to quantify
the degree of interaction or colocalization. Supporting our STORM
image observation, the average interaction strength is significantly
greater for BBS5 + IFT88 compared with BBS5 + whirlin
(Fig. 4C), and a larger percent of total cilia with no interaction
strength (defined as a strength <0.01; red arrow in Fig. 4C) was
observed for BBS5 + whirlin (28/63, 44.4%) cilia vs. BBS5 + IFT88
(3/23, 13.0%).
Thus, there are at least 4 distinct populations of BBS5 in rod

cilia: One associated with the centrioles and pericentriolar mate-
rial, a second associated with the axoneme in the outer segment, a
third within the CC colocalized with and possibly participating in
complexes with IFT particles containing IFT88, and a fourth
present in the CC in regions not containing IFT88. The low in-
teraction score of BBS5 with the PMC marker whirlin implies that
BBS5, and by extension the BBSome, does not preferably localize
to the periciliary pocket membrane. This diversity of locations and
distributions supports proposed roles for the BBSome in dynamic
trafficking of cargo throughout the CC in cooperation with IFT
particles and is consistent with continual movement of BBSome
subunits observed in live-cell imaging. When BBS5 clusters were
adjacent to IFT88 clusters, they were consistently patterned at the
edge of IFT88 clusters and extended away from the CC as if
surrounding the IFT88 clusters. This pattern is consistent with
a model for transport machinery at the CC in which BBS5/the
BBSome interacts with the IFT complex as part of a larger
transport complex with a molecular arrangement of IFT pro-
teins near the axoneme microtubules via motor proteins that
are surrounded by BBSome complexes which extend out into
the cytoplasm and to the CC membrane.

Localization of Syntaxin-3. Syntaxin-3 (STX3) is a tSNARE trans-
membrane protein whose retinal expression is predominantly in
the IS of rod cells (SI Appendix, Fig. S4F), including the region

Fig. 3. Superresolution localization of IFT proteins, BBS5, and whirlin.
Example STORM reconstructions in the rod CC for (A) acTub (ma-
genta) and IFT81 (cyan), (B) acTub (magenta) and IFT88 (cyan), (C )
centrin-2 (green) and BBS5 (magenta), and (D) centrin (magenta)
and whirlin (yellow). Centroid reconstructions for each antigen marker
(acTub in A and B, centrin-2 in C, and centrin in D are superimposed
to mark the CC centers). For each antigen reconstructed with STORM
at the CC, a confocal image of an identically immunostained CC
is shown at the same scale for comparison. Magnified regions are
presented with corresponding row average profiles aligned directly

beneath. Yellow arrows indicate STORM clusters in CCs. Orange arrows
indicate STORM clusters in OSs. Stars indicate basal body/pericentriolar
regions.
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surrounding the BB at the base of the connecting cilium in rodent
rods (44). Furthermore, STX3 is proposed to be important for
rhodopsin vesicle trafficking (44) and is severely mislocalized in Bbs
mutant rods (13, 45) (see below; SI Appendix, Fig. S5B), consistent
with a model for STX3 localization requiring a fully functional
BBSome for retrograde trafficking in the CC.
In STORM images of the CC, clusters are observed for

STX3 in 3 major locations (Fig. 4 D and E and SI Appendix, Fig.
S3D): extensive signal at the BB (white stars) and pericentriolar
region, large punctate clusters along the CC membrane, and

staining occasionally observed near the axoneme in the OS
(orange arrows in SI Appendix, Fig. S3). The STX3 clusters at
the CC are more compact than those observed for IFT proteins
and BBS5 and are variable in size; as measured along the
longitudinal axis of the CC, the average length was 490 ± 94 nm
(n = 10). The average radius of these STX3 clusters was 275 ±
76 nm (n = 28) from the CC center. Thus, along the CC,
STX3 was localized as large and cohesive STORM clusters
which were located in variable and likely transient positions at the
exterior CC membrane STORM layer, possibly as membrane

Fig. 4. Two-color localization of BBS5 with IFT88 or whirlin, and localization of syntaxin-3 in CCs. (A) Isolated connecting cilia from 2-color STORM of IFT88 (cyan)
and BBS5 (magenta), with adjacent wide-field fluorescence of α-tubulin 1 (TUBA1) staining (white) from the same region to mark the CC. See SI Appendix, Fig. S4
for a full-retina view of this staining. Dashed lines indicate the linear extent of CCs corresponding to each TUBA1 profile and magnified CC regions showing
colocalized IFT88 and BBS5 clusters. The orange arrow indicates a STORM cluster in the OS. Yellow arrows indicate overlapping/colocalized BBS5 and IFT88 clusters.
(B) Two examples of isolated CCs with 2-color STORM of whirlin (yellow) and BBS5 (magenta). TUBA1 image and dashed lines are as in A. The interaction strength is
listed under the reconstructions. White arrows indicate nonoverlapping BBS5 and whirlin clusters. (C) Plot of the interaction strengths for all reconstructed CCs in
BBS5 + IFT88 (cyan, n = 23) and BBS5 +whirlin (yellow, n = 60) experiments. ***P < 0.001, unpaired t test. Black bars indicate the mean є for each group. Fractions
of clusters with “no interaction” (red arrow): BBS5 + IFT88 3/23 (13%); BBS5 + whirlin 28/63 (44.4%). (D) Confocal image of a CC immunostained for acetylated
α-tubulin (magenta) and syntaxin-3 (green). (E) STORM reconstructions in the rod CC for STX3 (single molecule) and acTub (centroid), with a row average profile
underneath. White stars indicate basal body/pericentriolar regions.

23568 | www.pnas.org/cgi/doi/10.1073/pnas.1902003116 Robichaux et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902003116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902003116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902003116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902003116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902003116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1902003116


transport structures in transit between the IS and OS. Interestingly,
we also found rare examples of CCs in which we observe a sig-
nificantly larger gap between STX3 clusters and the acTub axo-
neme; these STX3s are localized radially ∼500 nm from the CC
and potentially lie within the periciliary inner segment or an ad-
jacent inner segment (SI Appendix, Fig. S3E).

Effects of Bbs Gene Deficiencies on Localization. The 8 BBS proteins
of the BBSome (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9,
and BBS18) are expressed primarily as a full complex in rod
sensory cilia as in ciliated mammalian cells; however, select
BBSome subunits can form stable subcomplexes upon coex-
pression and during complex assembly (12), leading to the
possibility of functional BBSome subcomplexes in rod cilia. We
immunolabeled BBS5 for STORM reconstruction in rod cells
from Bbs2−/−, Bbs4−/−, and Bbs7−/− mutant mouse models of BBS
retinal degeneration to determine if BBS5 and the remaining in-
complete BBSome are mislocalized in these mutant backgrounds.
For these STORM experiments in mouse mutants with degen-

erating retinas, ages between 5 and 8 wk were selected as time
points when enough rod cells remain intact for sufficient sampling
size yet there has been sufficient aging to visualize substantial
protein accumulation or mislocalization defects. Bbs2−/− mutant
mice have a rate of photoreceptor degeneration comparable to
Bbs4−/− (14), in which apoptosis was not apparent until 6 wk,
whereas apoptosis was not measured in Bbs7−/− mice (15). By
8 wk, all Bbs mutant retinas demonstrated evidence of photore-
ceptor degeneration through retinal thinning; however, all mutant
retinas still maintained numerous intact rod cells in the photore-
ceptor cell layer (SI Appendix, Fig. S4E).
Surprisingly, the distribution of BBS5 among ISs, OSs, and

CCs was not severely altered in any of the 3 Bbs mutant mouse
strains compared with WT and heterozygous controls (compare
Figs. 3C and 5 and SI Appendix, Figs. S2C and S6). Mislocalization
within the OS was observed. In wide-field fluorescence images,
small abnormal BBS5 puncta were observed in the OS layer of the
mutant retinas that were not present in wild-type and heterozygous
controls (SI Appendix, Fig. S5A) and, in STORM reconstructions,
BBS5 misaccumulation away from the axoneme is evident in the
OS (Fig. 5 and SI Appendix, Fig. S6) of the mutants. However,
subciliary localization within the CC was unaffected in any of the
BBS knockouts: BBS5 STORM localizations extended to the
membrane STORM layer of the CC as in the WT and were found
along the length of the CC. Surprisingly, BBS5 STORM clusters at
the BB/IS were also not significantly affected in any of the Bbs
mutant rods. These results indicate that BBS5 and BBSome sub-
ciliary localizations within the CC are maintained despite BBSome
deficiencies that lead to rod cell death. Thus, incomplete BBSome
complexes retain at least partial function to the extent of being
properly localized, and perhaps contribute to moderating defects
in CC trafficking.
We also used STORM to localize STX3 in rods from Bbs2−/−,

Bbs4−/−, and Bbs7−/− mutant mice to determine if any subciliary
localization differences of STX3 in the CC are caused by dis-
rupted BBSome composition and function. In STORM recon-
structions of STX3 from each Bbs mutant line, STX3 was grossly
mislocalized from the IS to the OS compared with WT or Bbs
heterozygous controls (SI Appendix, Fig. S5B). This pattern of
mislocalization is also apparent in STORM reconstructions of
individual rod cells of all of the Bbs mutants, in which
STX3 clusters in the OS were typically punctate and located
along the edge of the OS membrane and sometimes diffusely
localized throughout the entire OS of mutant rods (Fig. 6 and SI
Appendix, Fig. S5C). Despite OS accumulation, STX3 was nor-
mally localized to the BB in each Bbs mutant. Along the CC, the
overall radial distribution of STX3 localization to the exterior
membrane layer of the CC was maintained; however, Bbsmutant
STX3 clusters were either more diffuse, less structured, or
smaller than the large WT STX3 clusters (compare Figs. 4E and
6). Therefore, based on these STORM results in 3 different
Bbs mutant mouse lines, subciliary localization of STX3 is only

Fig. 5. BBS5 mislocalization in Bbs mutant mouse rods. Example STORM
reconstructions for BBS5 (magenta) superimposed with centrin-2 (green)
centroid reconstructions from (A) Bbs2−/− rods (age 8 wk), (B) Bbs4−/− rods
(age 8 wk), and (C) Bbs7−/− rods (age 7 wk). See Fig. 3C for the WT reference
control. For each mutant, rod outer segment STORM examples from a wider
view are depicted to demonstrate BBS5 (orange arrows) mislocalization to
the OS. In these reconstructions, the CC subregion is indicated with a dashed
line. Yellow arrows indicate BBS5 STORM clusters along the CC. Stars indicate
basal body/inner segment BBS5 clusters.
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partially attenuated in the CC membrane layer despite gross OS
accumulation. Thus, anterograde and possibly partial retrograde
trafficking evidently continue to some degree despite an incomplete
BBSome composition and ciliopathy-related OS stress caused by
protein accumulation and other mutant defects.

Discussion
Whereas primary cilia are important throughout the body,
rod cell degeneration in ciliopathies likely reflects both general
and photoreceptor-specific functions of cilium components (46).
Combining cryo-ET and superresolution fluorescence nanoscopies
have allowed us to map the repeating structures and localization of
protein targets with nanoscale precision in the rod sensory cilium.
Our application of 9-fold subtomogram averaging of cryoelec-

tron tomograms has identified features of CC structure (Fig. 1),
including the 3D structure of Y-shaped links, the twisting of the
axoneme microtubule doublets at a slight tilt with respect to the
ciliary axis, and a central, luminal structure akin to the terminal
plate of motile cilia (47).
The cryo-ET map provides a framework for the molecular

map revealed by STORM, which provides localization informa-
tion for individual components at sufficient resolution to assign
them to CC subcompartments. For example, the axoneme lumen
marker centrin-2 (28) was reconstructed with a diameter of 187±
16 nm, in good agreement with the cryo-ET map. Functionally,
the lumen remains an uncharacterized subcompartment in rods,
filled with heterogeneous structures and densities (48), now
known to include centrin-2 in the CC. Despite some variability in
the maximum widths between acTub STORM reconstructions,
likely due to flattening, the average of 260 nm (±37 nm) is
consistent with the ultrastructure of the microtubules of the ax-
oneme revealed by electron tomography.
STX3 was found to form clusters along the axoneme of the

CC, which extend to the ciliary membrane. There is considerable
evidence for the occasional presence of similar membrane pro-
trusions, or “buds,” on the surface of primary cilia (49, 50); these
represent a possible reason for some membrane STX3 clusters
appearing outside the apparent CC boundary. Another possible
explanation is STX3 localization in the adjacent ciliary pocket
membrane. We found some examples of rods in which STX3 was
apparently localized in the adjacent periciliary inner segment (SI
Appendix, Fig. S3E). However, STX3 clusters have shorter pro-
files along the longitudinal axis than either whirlin or VLGR1
(compare Fig. 4E and SI Appendix, Fig. S3 D and E with Fig. 3D
and SI Appendix, Fig. S3 B and C), suggesting that STX3 is not a
part of the PMC.
Perhaps the most striking difference between conventional

confocal imaging and our STORM is labeling for Arl13B (Fig.
2C), often used as a marker for the primary cilium axoneme
because of its apparent continuous localization along the axo-
neme at lower resolution. Our results reveal Arl13B localized in
clusters along the axoneme, similar to our localizations of the
IFT-B proteins, BBS5, and STX3. The clustered localization of
the IFT-B proteins IFT81 and IFT88 (Fig. 3 A and B), tightly
overlapped with the axoneme, supports their organization to-
gether with motor proteins in IFT trains, which have been vi-
sualized in Chlamydomonas flagella by cryo-ET and cryo-EM
(51, 52) and have been proposed in rod cilia to correspond to
large cytoplasmic electron densities in TEM micrographs (53).
IFT88 was also recently localized in distinct clusters along the
axoneme via superresolution imaging of primary cilia in cultured
epithelial cells (54, 55). Our STORM reconstructions of these
ciliary components in clusters suggest they are each organized
along the axoneme in CCs within a series of large supramolec-
ular complexes. Colocalization of large subsets of BBS5 and
IFT88 clusters, quantified by interaction analysis, is consistent
with their association in trains and, together with their colocal-
ization at the BB, provides evidence for in vivo interactions be-
tween the BBSome and the IFT complex as active transporters in
rod cilia, as previously hypothesized in other primary and motile
cilium models (56, 57).

STORM analysis of CC protein distributions in the Bbs
knockouts yielded surprising results. It had been reported that
loss of individual BBS subunits, except for BBS4 (58), severely

Fig. 6. Mislocalization of syntaxin-3 in Bbs mutant mouse rods. Example
STORM reconstructions for syntaxin-3 (green) superimposed with centroid
acetylated α-tubulin (magenta) reconstructions from (A) Bbs2−/− rods (age
8 wk), (B) Bbs4−/− rods (age 5 wk), and (C) Bbs7−/− rods (age 8 wk). See Fig. 4E
for the WT reference control. For each mutant, rod outer segment STORM
examples from a wider view are depicted to demonstrate STX3 mislocalization
to the OS (orange arrows). Stars indicate basal body/inner segment STX3
localization.
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disrupts BBSome formation in vivo, yet the localization pheno-
types of Bbs4−/− retinas were remarkably similar to those for
Bbs2−/− and Bbs7−/−. Most surprising was that localization of ciliary
proteins, including BBS5 within the CC, was very similar to that in
the WT in all 3 mutant models. The most dramatic mislocalization
in Bbs mutant rods was observed for STX3, which has been ex-
tensively used as a mislocalization marker for Bbs pathogenesis in
the retina (13, 45, 59). In Bbs mutants, there is extensive aberrant
STX3 accumulation in the outer segment, as expected (SI Ap-
pendix, Fig. S5B and diagram in SI Appendix, Fig. S8C), but, sur-
prisingly, we found the STX3 distribution outside of the OS to be
much less severely affected. However, the reconstructed STX3
clusters at the CC of Bbs mutant rods were smaller and less or-
ganized than in WT rods, indicating that in addition to preventing
STX3 accumulation within the OS, a fully functional BBSome is
necessary for the organization of STX3 within the CC. These
observations held across all 3 Bbs knockout animals.
In addition to the value of our findings in their own right, they

demonstrate the power of the methodology we present and the
cellular/molecular map we have produced. Emerging technolo-
gies in both static and dynamic imaging (27, 31, 49, 60, 61) will
likely continue to enhance both the resolution and the functional
content of such maps.

Materials and Methods
Extended materials and methods are provided in SI Appendix.

Animals. All wild-type mice used for this study were C57BL/6 between ages
3 wk and 3 mo. Examples of replicate STORM images are provided for all
conditions in SI Appendix, and replicate information including the number
of mouse replicates and number of cilia analyzed by STORM is described in SI
Appendix, Table S1. Bbs mutant mouse lines are described in SI Appendix,
Materials and Methods. All procedures adhered to the NIH Guide for the
Care and Use of Laboratory Animals (62), and were approved by the Baylor
College of Medicine Institutional Animal Care and Use Committee.

Cryo-ET. Rod cell fragments containing the CCwere collected fromWTmice by
isoosmotic density-gradient centrifugation as described previously (8, 25).
Fragments were applied to carbon-coated holey grids and plunge-frozen in
liquid ethane. The frozen-hydrated specimens were imaged with a Polara
G2 electron microscope (FEI) equipped with a field emission gun and a direct
detection device (Gatan K2 Summit). Images of the CC were collected at a
magnification of 9,400× at 300 kV as single-axis tilt series image stacks.
MotionCorr (63) was used to correct image drift within each stack. Alignment
and 3D reconstruction were performed using IMOD (64, 65). Good-quality CCs
were used to search extensively for cilium and basal body-associated features,
such as transition fibers, and to generate figures illustrating selected features.
Subtomogram averaging was carried out as described previously (22) using
Chimera (66) and EMAN2 (67) (additional details are in SI Appendix, Materials
and Methods).

Antibodies and Labeling Reagents. Primary antibody descriptions, including
validation references, are available in SI Appendix, Table S2. The BBS5 antibody
was validated via immunofluorescence in knockout mouse tissue (SI Appendix,
Fig. S8 A and B). Wheat germ agglutinin (10 μg) conjugated to Alexa 647
(Molecular Probes) was used as in immunostaining procedures for glycoprotein
labeling of mouse retinas.

STORM. Mouse retinas were immunolabeled for STORM following a 2-step
protocol. First, retinas were dissected in unfixed Ames’ media (Sigma) and
blocked in 10% normal goat serum (Fitzgerald Industries) + 0.3% saponin
(Sigma) + 1× Protease Inhibitor Mixture (GenDepot) diluted in 1× Ames’
media for 2 h at 4 °C. Primary antibodies (5 to 10 μg each) were added to the
blocking buffer and incubated at 4 °C for 20 to 22 h. For antibody in-
formation, see SI Appendix, Table S2. The BBS5 antibody was validated via
immunofluorescence in knockout mouse tissue (SI Appendix, Fig. S8 A and
B). Retinas were washed and secondary antibody-stained at 4 °C for 2 h.
Secondary antibodies used were (8 μg each) F(ab′)2-goat anti-mouse IgG
Alexa 647 and F(ab′)2-goat anti-rabbit IgG Alexa 555 (Thermo Fisher). In
WGA–Alexa 647 labeling experiments, F(ab′)2-goat anti-rabbit IgG Alexa
555 (Thermo Fisher) was used for dual labeling. Retinas were washed and
fixed in 4% formaldehyde for 15 min at room temperature (RT). Next, ret-
inas were reblocked in 10% normal goat serum + 0.2% Triton X-100 for 2 h
at RT. Primary antibodies were readded to the blocking buffer and in-
cubated for 2 d at 4 °C. Retinas were washed and probed again with the
same secondary antibody overnight at 4 °C. Finally, retinas were washed and
postfixed in 3% formaldehyde for 1 h at RT. Stained and fixed retinas were
then embedded in Ultra Bed Epoxy Resin (SI Appendix, Materials and
Methods) and cured on the top shelf of a 65 °C baking oven for 20 h; 500-nm
to 1-μm sections were cut on a UCT or UC6 Leica ultramicrotome and dried
directly onto glass-bottom dishes (MatTek 35-mm dishes, no. 1.5 coverslip).

Immediately prior to imaging, sections were etched in a mild sodium
ethoxide solution (27). The following STORM imaging buffer was added on
top of the sections: 45 mM Tris (pH 8.0), 9 mM NaCl; oxygen-scavenging
system: 0.7 mg·mL−1 glucose oxidase (Amresco) + 42.5 μg·mL−1 catalase
(Sigma), 10% (wt/vol) glucose + 100 mM mercaptoethylamine (i.e.,
L-cysteamine; Chem-Impex) + 10%VECTASHIELD (Vector Laboratories). Imaging
was performed on the Nikon N-STORM System equipped with 200-mW, 561-
and 647-nm solid-state lasers. For STORM image acquisition, sections were first
scanned with low laser power to locate a region with multiple and sufficiently
bright CCs. Both the 561- and 647-nm laser lines were then increased to
maximum power to photobleach/quench the fluorescence and initiate pho-
toswitching. Imaging frames were collected at ∼56 frames per s; 20,000 to
50,000 frames were collected for each imaging experiment, and 561- and 647-nm
frames were collected sequentially.

Two-dimensional STORM analysis of STORM acquisition frames was per-
formed using NIS-Elements AR analysis software. See SI Appendix, Materials
and Methods for details. In Fiji/ImageJ, regions of interest (ROIs) of digitally
straightened STORM reconstructions were measured using row average
profiling, which plots the average intensity across the width of the ROI for
each row of pixels along the length of the ROI. Pixels were converted to
nanometers for accurate scaling. From these row average profiles, the edges
of STORM clusters were set as 1/e times the maximum-intensity value for any
given cluster profile. The MosaicIA ImageJ plugin (68) was used to perform
the spatial interaction analysis in Fig. 4.

Data Availability. All datasets used to generate the figures in the paper are
available from the corresponding author upon reasonable request.
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