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1. Introduction

FtsZ is a tubulin ortholog that is highly conserved in bacterial
species. This GTPase is an essential protein that polymerizes at
the mid-cell, recruits the division machinery, and may generate
constrictive forces necessary for cytokinesis.[1] FtsZ polymerizes
into a midplane ring structure (the Z-ring) early in the cell
cycle before recruiting the rest of the divisome. In Caulobacter
crescentus, FtsZ also recruits proteins that direct cell elongation
and cellular polarity.[2] Given its importance in cell division, the
Z-ring structure is the subject of active investigation, but its
subcellular and subwavelength dimensions prevent visualiza-
tion with conventional fluorescence measurements.[3] Short
FtsZ protofilaments were observed at constriction sites in C.
crescentus by cryo-electron tomography (ET),[4] indicating that
the Z-ring structure is not simply a smooth, closed-ring-like
structure, but a collection of overlapping protofilaments.
Super-resolution (SR) optical imaging techniques are therefore
ideally suited for the investigation of the “superstructure”, or
assembly, formed from the FtsZ filaments.

In single-molecule fluorescence (SMF) imaging, the emission
from spatially isolated fluorophores yields high-accuracy infor-
mation about the position of that fluorophore because the
image of a 3–5 nm fluorescent protein (FP) is a reasonable ap-
proximation to the point-spread function (PSF) of the micro-
scope.[5] While rigorously a single molecule is an emitting
dipole, in practice FP fusions are orientationally mobile, so that
the diffraction-limited single-molecule spot in a wide-field fluo-
rescence image can be numerically fit to estimate the xy posi-
tion of the emitter. This technique permits sub-diffraction-limit-
ed information to be obtained from diffraction-limited images
when single molecules are spaced apart by more than the op-
tical diffraction limit. Applied to live bacterial cells, wide-field
SMF microscopy has enabled high-resolution investigations of
biomolecule dynamics. For instance, bursts of fluorescence
have identified low-level gene expression,[6] and single-mole-

cule tracking experiments have measured the diffusion coeffi-
cient of free, cytoplasmic protein and the velocity of motion of
polymerized protein.[7] Additionally, freely diffusing cytoplasmic
proteins can be captured using very fast acquisition times,
however when employing longer acquisition times these fast-
moving molecules are not resolved, biasing the camera toward
molecules which form quasi-static structures which are stable
on the time scale of the imaging.[7] Herein, live-cell SMF imag-
ing is used to characterize the polymerization/depolymeriza-
tion dynamics of the protein FtsZ, in three spatial dimensions.

With densely packed fluorescent labels, super-resolution (SR)
images can be reconstructed from movies where sparse sub-
sets of the molecules are sequentially localized in each movie
frame. Importantly, the active emitter density in any frame can
be controlled at a low level by photoswitching, photoactiva-
tion, cellular dynamics, chemical control, transient dark states,
etc.[8–13] Single-molecule SR imaging based on photoactivated
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localization microscopy (PALM) has recently been applied to in-
vestigations of the FtsZ superstructure in Escherichia coli, dem-
onstrating that the Z-ring of E. coli is a loose bundle of protofi-
laments.[14] An alternative SR fluorescence imaging technique,
stimulated emission depletion (STED) microscopy, has yielded
consistent results for FtsZ rings in fixed Bacillus subtilis cells
stained with an anti-FtsZ antibody.[15]

A variety of SR techniques have been applied to biomolecu-
lar structures in cells. Wide-field cellular imaging is generally
limited to the thin surface layer next to the coverslip by the
need to use a total-internal reflection (TIRF) microscope geom-
etry, though thicker cells have been examined with Bessel
beams and two-photon selective excitation.[16] Due to their
thin (~micron-diameter) size, the entirety of bacterial cells can
be imaged in wide-field without TIRF.[7] Still, most experiments
have been limited to a two-dimensional projection of the
three-dimensional sample. Methods to extend wide-field,
single-molecule-based SR imaging to three dimensions include
astigmatism,[17, 18] multiplane methods,[19] optical sectioning,[20]

interferometry,[21] and double-helix point-spread function mi-
croscopy.[22]

Here, we use optical astigmatism to gain axial (z) informa-
tion for each single-molecule fit.[17, 18] The astigmatism is intro-
duced via a weak cylindrical lens in the emission pathway of
the wide-field single-molecule microscope. In the presence of
this lens, the detected PSF from a single-molecule is asymmet-
ric, and in addition to localizing the molecule in the xy plane
based on the center of the PSF, the degree of PSF asymmetry
indicates the axial position of the molecule. For fluorescent
protein fusions in C. crescentus cells, the ability of the astigmat-
ic single-molecule microscope to resolve axial molecular posi-
tions with <100 nm z localization precision promises to shed
light on macromolecular structure in three dimensions.

2. Results and Discussion

2.1. Characterization of the FtsZ polymerization/depolyme-
rization dynamics in live and fixed Caulobacter crescentus

Cultures of a C. crescentus merodiploid strain containing the
wild-type (WT) ftsZ gene and a single chromosomal copy of a
ftsZ-dendra2 fusion under the control of a xylose-inducible pro-
moter were incubated in a xylose concentration selected to
give rise to expression of ~102–103 Dendra2-labeled FtsZ
fusion proteins per cell. These cells were mounted directly on
an agarose pad for live-cell imaging, or fixed in formaldehyde
(Supporting Information) for immobilization before sample
preparation. The fixed and live cells were imaged with 561 nm
laser excitation, at which wavelength the green form of the
green-to-red photoswitchable fluorescent protein Dendra2 is
not observed.[23] Initially, the cells were therefore non-fluores-
cent, but following a dose of 407 nm laser illumination (0.5 s at
2000 W cm�2, chosen to photoswitch only a small subset of the
Dendra2 molecules such that at most one molecule was ob-
served per diffraction-limited spot), isolated single FtsZ-
Dendra2 molecules were observed and localized with <30 nm
precision, and their positions were recorded. After imaging, lo-

calizing, and photobleaching all photoswitched molecules, the
407 nm pulse was reapplied such that a new subset of FtsZ-
Dendra2 molecules became visible. Cycles of photoswitching,
imaging, and bleaching were repeated for 15 s.

Due to the small size of the FtsZ superstructure, only 1–2
FtsZ molecules can be simultaneously localized in the Z-ring
given the need for isolated PSFs in any single frame. However,
knowledge of the polymerization/depolymerization dynamics
of the FtsZ molecules was used to increase the number of lo-
calization events possible after each photoswitching pulse by
several orders of magnitude. In live-cell experiments, freely dif-
fusing cytoplasmic proteins cannot be resolved with EMCCD
acquisition times greater than 5–10 ms as their emission signal
is spread out over many camera pixels. Here, 15 ms integration
times captured only those FtsZ molecules having motion
slowed by polymerization. Photoactivated freely diffusing cyto-
plasmic FtsZ-Dendra2 molecules appear invisible, but when
the same molecule is incorporated into a protofilament, it be-
comes visible. Conversely, polymerized, visible FtsZ-Dendra2
molecules become invisible upon depolymerization.

Bulk-level studies have shown FtsZ to be very dynamic in
vivo, turning over rapidly.[24, 25] In our studies, a fresh supply of
FtsZ-Dendra2 molecules was therefore incorporated into the Z-
ring regularly, and many molecular positions could be ob-
tained before an additional photoswitching pulse was re-
quired. In this way, more than 104 single molecules were local-
ized with 30 nm or better statistical localization precision over
the course of 1000 imaging frames (15 s).

The dynamics of the FtsZ polymerization/depolymerization
were examined for a representative live stalked cell and con-
trasted with findings for a representative fixed stalked cell. Fig-
ure 1 A gives the distribution of Dendra2 visibility times for

Figure 1. Visibility times for FtsZ-Dendra2 in A) live C. crescentus cells and
B) fixed C. crescentus cells.
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14212 imaged molecules in a live stalked cell. Here, the visibili-
ty time is determined by extracting the number of continuous
frames over which a molecule is localized in the same diffrac-
tion-limited spot. The average visibility time for FtsZ-Dendra2
in live cells is 58 ms. The mechanism for becoming visible is
photoswitching or polymerization and the mechanism for be-
coming invisible can be photobleaching or depolymerization.

Figure 1 B gives the distribution of Dendra2 visibility times
for 5566 molecules imaged in a fixed stalked cell. Here, the
sole mechanism for becoming visible is photoswitching and
the only mechanism for becoming invisible is photobleaching,
and so the visibility time is in this case the photobleaching
time of the molecule. The average visibility time in fixed cells
is 128 ms. The shorter visibility times for molecules in live cells
are attributed to fast depolymerization. By comparing the
58 ms average visibility time of FtsZ-Dendra2 in live cells to
the 128 ms average photobleaching time of FtsZ-Dendra2 in
fixed cells (where depolymerization could not occur), the de-
polymerization time of FtsZ in the C. crescentus Z-ring was de-
termined to be < ~100 ms. This is much shorter than the
~8–9 s half-life of FtsZ molecules in the Z-ring in E. coli and B.
subtilis determined by fluorescence recovery after photo-
bleaching (FRAP),[24] indicating that in addition to new FtsZ
molecules coming to the midplane every few seconds, these
midplane-localized FtsZ are highly dynamic on a faster time-
scale, polymerizing and depolymerizing in under 100 ms.

2.2. Two-Dimensional Super-Resolution Imaging of FtsZ in
Live Caulobacter crescentus

Live C. crescentus cells expressing FtsZ-Dendra2 were prepared
as in Section 2.1. For initial two-dimensional (2D) imaging, the
positions of all localized FtsZ molecules with localization preci-
sion better than 30 nm (as given by the statistical 95 % confi-
dence interval of the center of the PSF based on a fit to a 2D
Gaussian function, as described previously)[26] were used to
form the reconstructed image of the FtsZ superstructures in
Figure 2. Here, each molecule is plotted as a Gaussian profile
with fixed standard deviation, s= 30 nm, and with amplitude
proportional to the inverse of the localization precision of that
molecule, that is, molecules which localized better are shown
brighter in the reconstruction. The cell population in Figure 2
is not synchronized and several stages of the cell cycle are
therefore accessed simultaneously over a wide field-of-view, a
property that is difficult to achieve with ET, for example. From
bulk-level diffraction-limited fluorescence microscopy, FtsZ is
seen to localize rapidly to the Z-ring at the cell mid-plane at
the start of the cell cycle and persist.[3] With its improved reso-
lution, Figure 2 distinguishes between the superstructure of
FtsZ in stalked cells (e.g. red box) and in pre-divisional cells
(e.g. blue box).

64 cells that each had 300 or more single-molecule localiza-
tions were analyzed, and we distinguished between FtsZ struc-
tures with transverse width wider than 500 nm (stalked cells,
N = 41) and structures narrower than 500 nm (pre-divisional
cells, N = 23). FtsZ in the stalked cells appears as a thin line at
the mid-plane in the 2D images. These stalked cell structures

ranged in longitudinal thickness from 63–107 nm and had an
average thickness of 67 nm. The representative stalked cell
structure in the red box in Figure 2 has a thickness of 69 nm
(cross section in Figure S6 C, Supporting Information). The
measured thicknesses are convoluted with the measurement
resolution, but the stalked cell structures are consistently thick-
er than the 30 nm experimental resolution. Since the protofila-
ments are 5 nm in width,[4] this observation of a thick ring is at-
tributed to the presence of many filaments. Unfortunately,
since the size of C. crescentus is significantly smaller than that
of E. coli, the structure of the filaments is not resolved, but the
large thickness is consistent with the model of loose bundles
of short, overlapping FtsZ protofilaments at the Z-ring pro-
posed by Fu et al. and Erickson et al.[1, 14] The cytoskeletal FtsZ
Z-ring is anchored to the inner membrane and aids cell invagi-
nation.

In the 23 pre-divisional cells, the FtsZ superstructure looks
like a constricted mass and not a thin line. The average thick-
ness of these pre-divisional cell FtsZ structures along the longi-
tudinal axis was 92 nm, with measured widths ranging from
72–133 nm. These pre-divisional cell structures are significantly
thicker than those observed in stalked cells. As the cell is con-
stricted, the Z-ring thickens on the long axis of the cell, per-
haps because the increased cell length at this length stage
leads to increased distance from the polar negative regulator,
MipZ or perhaps due to changes in inner membrane geometry
during constriction. The representative deeply constricted pre-
divisional cell structure in the blue box in Figure 2 has a thick-
ness of 86 nm (cross section in Figure S6 D, Supporting Infor-
mation). The tightly focused FtsZ structure is roughly symmet-
ric along the transverse and longitudinal cell axes.

2.3. Three-Dimensional Super-Resolution Imaging of FtsZ in
Live Caulobacter crescentus

To gain further insight into the FtsZ superstructures appearing
as thin lines (stalked cells) and constricted foci (pre-divisional

Figure 2. False-color two-dimensional SR reconstruction of FtsZ-Dendra2
(red) in live C. crescentus cells overlaid on a reversed contrast white-light
transmission image of the cells. The red box highlights the midplane of a
stalked cell ; here, the arrow points to the FtsZ ring typically observed in
stalked cells. The blue box highlights the midplane of a pre-divisional cell ;
here, the arrow points to the FtsZ constriction typically observed in pre-divi-
sional cells. Scale bar : 2 mm.
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cells) in two-dimensional SR imaging (Figure 2), a 1 m focal dis-
tance cylindrical lens was introduced into the imaging pathway
of the wide-field microscope in order to add astigmatism to
the single-molecule PSFs.[17, 27] The imaging system was cali-
brated with fluorescent beads on a coverslip. Using a piezo-
electric microscope objective scanner (PIFOC), the fluorescent
bead PSFs were recorded as a function of defocus and the
degree of astigmatism was fit to an analytical defocusing func-
tion. With a correction for difference in the index of refraction
between the calibration substrate and the C. crescentus
sample,[28] this defocusing curve could then be used to localize
single-molecules in the axial (z) position as well as in-plane
(see the Supporting Information).

Samples of live C. crescentus cells were prepared in a
manner identical to Section 2.1, and imaged in the astigmatic
SR imaging microscope under the same conditions as in Sec-
tion 2.1. Here, the emitter PSFs were each fit with an asymmet-
ric 2D Gaussian function. The center of each Gaussian corre-
sponds to the in-plane (x,y) position and the aspect ratio of
the x width of each Gaussian to its y width indicates the axial
(z) position. Again, the error in (x,y) is given by the statistical
95 % confidence interval on the center position, and only mol-
ecules with <30 nm localization precision are considered. The
error in the z position is found based on the standard devia-
tion of subsequent localizations of the same molecule (Sup-
porting Information). Consistent with Badieirostami et al. ,[29]

the localization precision of the molecules is dependent on z
and is best at the focus (Figure S1, Supporting Information).
The precision of the z position is <100 nm for all the mole-
cules considered; far below the axial diffraction limit of
572 nm. Since the localization precision in z, like the precision
in (x,y), is dependent on the number of photons per frame col-
lected from each molecule[30] (here 50–200 photons), this axial
localization precision would be improved for brighter signals ;
indeed at the focal plane, a 15–20 nm precision is expected for
1000 collected photons.[29]

The FtsZ superstructure in the live stalked cell studied in Fig-
ure 1 A is shown in Figure 3. The positions of 14212 3D locali-
zations of FtsZ proteins collected over 15 s in a single live
stalked cell were used to form the reconstructed image. A
video showing this 3D image over 360 degrees is provided in
the Supporting Information. Figure 3 shows projections of this
image along the xy plane (Figure 3 A) and the xz plane (Fig-
ure 3 B). Here, each localization is represented as a 2D Gaussian
with intensity proportional to total number of photons collect-
ed and with a uniform width of 20 nm. The y-axis corresponds
to the long axis of the cell being investigated. The xy view in
Figure 3 A corresponds well with the typical 2D SR image of
FtsZ superstructure in stalked cells (red box in Figure 2), while
the xz view in Figure 3 B shows the cross-sectional view that is
lost in 2D imaging. This cross-sectional view clearly shows that
the Z-ring in this stalked cell spans the cell diameter
(~650 nm) and has a ~150 nm opening at the center. The
thickness of the torus is consistent with the presence of a
loose 3D bundle extending away from the membrane into the
cytoplasm.[14]

The positions of all 3D localized FtsZ proteins in a represen-
tative live pre-divisional cell are used to form a second recon-
structed image. A video showing this image from 360 degrees
is provided in the Supporting Information. Figure 4 shows the

projections of this image along the xy plane (A) and the xz
plane (B). Here, each localization is represented as a 2D Gaussi-
an with intensity proportional to total number of photons col-
lected and with a uniform width of 20 nm and the y-axis corre-
sponds to the long axis of the cell being investigated. The xy
view in Figure 4 A corresponds well with the typical 2D SR
image of FtsZ superstructure in pre-divisional cells (blue box in
Figure 2), while the xz view in Figure 4 B shows the cross-sec-
tional view that is unavailable in 2D imaging. This cross sec-
tional view clearly shows that the constricted Z-ring focus in
this pre-divisional cell is roughly symmetric in all directions
with a diameter of ~150 nm, consistent with the Z-ring thick-
ening along the longitudinal cell axis as it constricts.

2.4. Three-Dimensional Super-Resolution Imaging of FtsZ in
Fixed Caulobacter crescentus

C. crescentus cells expressing FtsZ-Dendra2 were prepared as in
Section 2.1, then fixed with formaldehyde (Supporting Informa-
tion) for immobilization before imaging. Whereas in the live-

Figure 3. 2D Projections of 3D SR images of FtsZ-Dendra2 in a live stalked
cell oriented lengthwise along the y axis in A) the xy-plane (i.e. top view;
typical of 2D SR images) and B) the xz-plane (i.e. cross-sectional view). Scale
bar: 200 nm.

Figure 4. 2D Projections of 3D SR images of FtsZ-Dendra2 in a live pre-divi-
sional cell oriented lengthwise along the y-axis in A) the xy-plane i.e. top
view; typical of 2D SR images) and B) the xz-plane (i.e. cross-sectional view).
Scale bar: 200 nm.
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cell samples, only slowly moving (polymerized) FtsZ molecules
are localized, all fluorescently labeled FtsZ molecules are im-
mobilized, and therefore potentially capable of being imaged,
in fixed cells. Consequently, only a few FtsZ-Dendra2 molecules
could be photoswitched to the emissive state with each
407 nm laser pulse since otherwise too many active molecules
would be imaged at once. The fixed cells were therefore
imaged in the 3D microscope as described in Section 2.3, but
with a 20-fold weaker 407 nm photoswitching laser dose
(500 W cm�2 for 0.1 s rather than 2000 W cm�2 for 0.5 s). As in
section 2.3, all single-molecule positions were recorded and
the SR image reconstructed. A video is provided in the Sup-
porting Information showing the reconstruction over 360 de-
grees of viewing angle.

The FtsZ localizations in the fixed, stalked cell studied in Fig-
ure 1 B are compiled into a SR image in Figure 5, which shows
an open Z-ring with ~250 nm opening much like the live,
stalked cell image in Figure 3. However, the large number of

freely diffusing cytoplasmic FtsZ molecules localized in the
fixed cell give rise to an effective background that is not seen
in live cells. In addition to having more localizations due to cy-
toplasmic proteins, the localization precision of cytoplasmic
FtsZ and Z-Ring FtsZ in the fixed stalked cell is roughly equal
(Figure S4, Supporting Information) while the localization preci-
sion of the few cytoplasmic FtsZ molecules localized in the live
stalked cell is much lower (Figure S2, Supporting Information).
Figures S2 and S4 depict the same structures as Figures 3 and
5, but use dots instead of Gaussian functions to represent each
of the 5566 localization events.

Similarly, the representative fixed, pre-divisional cell SR re-
construction image in Figure 6 shows a constricted focus that
is symmetric in all directions with a diameter of ~200 nm anal-
ogous to that in the live pre-divisional cell of Figure 4, but
again, due to the lack of contrast between cytoplasmic and
polymerized FtsZ, more localizations outside of the superstruc-
ture are evident. This is also observed in Figures S3 and S5
(Supporting Information), which depict the same structures as
Figure 4 and 6, but with dots instead of Gaussians for each lo-
calization event.

3. Conclusions

We describe the first application of 3D astigmatic super-resolu-
tion imaging to a dynamical system where single-molecule
imaging is used to discern the natural dynamics of the pro-
teins under investigation. By using wide-field SMF imaging to
detect only polymerized FtsZ molecules, the depolymerization
time of FtsZ in the Z-ring was determined to be under 100 ms,
significantly faster than the 8–9 s half-life measured by FRAP in
E. coli and B. subtilis.[24] In addition to new FtsZ molecules
coming to the midplane every few seconds, these midplane-lo-
calized FtsZ are highly dynamic on the sub-second timescale.

This natural dynamical motion, which provides new poly-
merized (and therefore detectable) FtsZ-Dendra2 molecules
every ~100 ms, complements photoswitching in super-resolu-
tion imaging. By performing super-resolution imaging based
on using both photoswitching of Dendra2 and the FtsZ poly-
merization/depolymerization dynamics, the superstructure of
the FtsZ Z-ring in C. crescentus cells was resolved with <30 nm
lateral resolution and <100 nm axial resolution based on
single-molecule SR imaging and astigmatism. In addition to en-
abling studies of the unperturbed system and taking advant-
age of the dynamics to increase the number of molecules lo-
calized, an additional benefit of studying live C. crescentus cells
is that the Dendra2 fluorescent proteins in this system are not
highly constrained due to the floppy tether to FtsZ, thereby
avoiding decreases in localization accuracy due to constrained
molecular orientation.[31]

Typical Z-rings in stalked cells were found to span the dia-
meter of the cell, to have widths of 70–100 nm and to show
ring openings of 150–300 nm, consistent with a compressed
helix or other structure comprised of a large number protofila-
ments. The cell-cycle dependent structure was investigated,
and Z-rings in pre-divisional cells were found to be constricted
into tight, symmetric foci with diameters as small as 150 nm,
and with no obvious opening at the center. The 15 s imaging
time demonstrated here is sufficient for assessing the 3D
shape of the FtsZ assembly at multiple time points within the
150 min cell cycle.

Because bacterial cells are naturally as thin as the depth of
focus of a high-NA microscope (~1 mm), the straightforward in-
troduction of a cylindrical lens into the microscopy emission

Figure 5. 2D Projections of 3D SR images of FtsZ-Dendra2 in a fixed stalked
cell oriented lengthwise along the y-axis in A) the xy-plane (i.e. top view;
typical of 2D SR images) and B) the xz-plane (i.e. cross-sectional view). Scale
bar: 200 nm.

Figure 6. 2D Projections of 3D SR images of FtsZ-Dendra2 in a fixed pre-divi-
sional cell oriented lengthwise along the y axis in A) the xy-plane (i.e. top
view; typical of 2D SR images) and B) the xz-plane (i.e. cross-sectional view).
Scale bar: 200 nm.
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pathway is a useful way to image protein superstructure in
prokaryotic cells in 3D. Combining this 3D astigmatic micro-
scope with live-cell imaging, where knowledge of the natural
dynamics of the molecules allows slowly moving macromole-
cules to be differentiated from more rapidly diffusing mole-
cules, leads to increased numbers of localizations and there-
fore higher-resolution images.

Experimental Section

Cultures of the C. crescentus merodiploid strain containing WT ftsZ
and a chromosomal copy of ftsZ-dendra2 were grown at 28 8C in
PYE media then in M2G minimal media. After a 1 h incubation in
0.015 % xylose, cells were added directly to an agarose pad (1.5 %
in M2G) (live-cell experiments), or fixed in 1 % formaldehyde before
being added to the agarose pad (fixed-cell experiments). Tetra-
Speck fluorescent microspheres (Invitrogen Molecular Probes)
added to the agarose pads served as fiduciary markers.

Cells were imaged with a 1.41 NA oil-immersion objective in an
Olympus IX71 inverted microscope and detected on a 512 �
512 pixel Andor Ixon EMCCD at a rate of 15 ms/frame. Subpopula-
tions of FtsZ-Dendra2 were switched to their red state by a dose
of 407 nm light (Coherent Innova 300 Kr+ laser) chosen to photo-
switch only a sparse subset of the Dendra2. The red FtsZ-Dendra2
fusions were imaged with 561 nm light (Crystalaser CL561-025-O)
until photobleaching occurred, and the photoswitching/imaging
cycle was repeated. The wide-field epifluorescence setup has been
described previously,[26, 32] and was adapted for 561 nm imaging
with appropriate filters (Semrock Di-01-561 and Semrock BLP01-
561R). For the 3D astigmatic acquisitions, a 1 m focal length cylin-
drical lens was placed in the microscope emission pathway 2.0 cm
before the usual imaging plane, and the camera position was ad-
justed for focus.

Positions of isolated FtsZ-Dendra2 fusions were determined from a
fit to a 2D Gaussian function. The xy position corresponds to the
peak position of the fit, and the statistical precision of each xy lo-
calization is given by the 95 % confidence interval from the fit. For
the 3D imaging, the z position is given by the ratio of the fit stan-
dard deviations in the x and y dimensions, sx/s.z. The relationship
between z and sx/s.z is calibrated using a sample consisting of a fi-
duciary markers on a coverslip, fit to an analytical defocusing equa-
tion, and corrected for differences in refractive index (see Support-
ing Information).
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