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Abstract
Confocal imaging has shown that CELLULOSE SYNTHASE (CESA) particles move through the plasma membrane as they
synthesize cellulose. However, the resolution limit of confocal microscopy circumscribes what can be discovered about
these tiny biosynthetic machines. Here, we applied Structured Illumination Microscopy (SIM), which improves resolution
two-fold over confocal or widefield imaging, to explore the dynamic behaviors of CESA particles in living plant cells. SIM
imaging reveals that Arabidopsis thaliana CESA particles are more than twice as dense in the plasma membrane as previ-
ously estimated, helping explain the dense arrangement of cellulose observed in new wall layers. CESA particles tracked by
SIM display minimal variation in velocity, suggesting coordinated control of CESA catalytic activity within single complexes
and that CESA complexes might move steadily in tandem to generate larger cellulose fibrils or bundles. SIM data also re-
veal that CESA particles vary in their overlaps with microtubule tracks and can complete U-turns without changing speed.
CESA track patterns can vary widely between neighboring cells of similar shape, implying that cellulose patterning is not
the sole determinant of cellular growth anisotropy. Together, these findings highlight SIM as a powerful tool to advance
CESA imaging beyond the resolution limit of conventional light microscopy.

Introduction

Cellulose, the most abundant biopolymer on Earth, is com-
posed of hydrogen-bonded chains of b-1,4-linked glucose
and is produced in plants by Cellulose Synthase Complexes
(CSCs; Turner and Kumar, 2018). Genetic, biochemical,
structural, and electron microscopy data indicate that each
CSC comprises 18 CELLULOSE SYNTHASE (CESA) enzymes
(Desprez et al., 2007; Persson et al., 2007; Gonneau et al.,
2014; Hill et al., 2014; Nixon et al., 2016). CESAs are integral
membrane proteins that consume uridine diphosphate-glu-
cose (UDP-glucose) to form b-1,4 glycosidic bonds between
glucose monomers in growing glucan chains. The arrange-
ment of CESA proteins as a hexamer of trimers forming a
rosette-shaped complex �25 nm in diameter is thought to

facilitate the production of partially crystalline, 18-chain cel-
lulose microfibrils (Nixon et al., 2016; Purushotham et al.,
2020). However, many questions remain concerning CSC be-
havior in living plant cells, including whether CESAs act co-
ordinately within individual CSCs and how CSCs work
together with the secretory machinery to assemble cell walls
composed of layers of optimally organized cellulose and in-
tervening matrix polymers (Anderson and Kieber, 2020).

For the last 15 years, confocal microscopy has been used
to examine the density, trafficking, movements, and cyto-
skeletal interactions of fluorescently tagged CESA particles in
living plants (Duncombe et al., 2020; Allen et al., 2021).
However, the resolution limit of light microscopy (D = k/
2NA, where D is the diffraction limit, k is the wavelength,
and NA is the numerical aperture of the objective, or
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�200 nm in most cases for optical microscopy) is much
larger than both the size of individual CSCs and their typical
spacing in the plasma membrane (Reiss et al., 1984). This
limitation prevents a clear determination of whether individ-
ual CESA particles, observed by light microscopy as fluores-
cent spots moving within the plasma membrane in a
defined speed range, correspond to single or multiple CSCs
(Chen et al., 2014). Freeze-fracture transmission electron mi-
croscopy data show CSCs in tight clusters in some cell types
(Reiss et al., 1984; Herth, 1985), and confocal data rarely
show fluorescently tagged CESA particles joining or splitting
except immediately after delivery to the cell surface
(Gutierrez et al., 2009), raising the possibility that CSCs
might move coordinately in closely spaced groups that can-
not be resolved by confocal imaging and work in tandem to
generate cellulose microfibrils with 18 chains and/or aligned
bundles of cellulose. Additionally, CESA particle density in
living cells is reported from confocal studies to be �1 parti-
cle mm-2, which is well below the density of cellulose micro-
fibrils observed in single wall layers by atomic force
microscopy and field emission scanning electron microscopy
(Paredez et al., 2006; Bashline et al., 2013; Xiao et al., 2016;
Zhang et al., 2016; Zheng et al., 2017). This discrepancy
raises questions about how widely spaced CSCs would be
able to generate dense, partially aligned layers of cellulose
during wall assembly.

The motility of plasma membrane-localized CESA particles
is thought to be driven by the catalytic activity of CESA pro-
teins and/or the crystallization of cellulose microfibrils
(Diotallevi and Mulder, 2007). However, CESA particle
speeds, as observed by confocal microscopy, vary widely

across experimental conditions and even within individual
cells (Paredez et al., 2006; Chen et al., 2010; Gu et al., 2010;
Li et al., 2016; Xiao et al., 2016; Watanabe et al., 2018), calling
into question how CESA particle movements might be
mechanistically linked to cellulose polymerization. For exam-
ple, the speed of an individual CSC might be modulated by
substrate availability, catalytic coordination between individ-
ual CESAs in the complex, CESA modification status, interac-
tions with other CSCs, microtubule guidance, membrane
fluidity, the structure of the existing wall, or some combina-
tion of these (Turner and Kumar, 2018).

The factors that influence the directional movements of
CESA particles in the plasma membrane are also incompletely
defined. CESA particle trajectories are thought to be domi-
nantly determined by cortical microtubules, with the pattern-
ing of previously deposited cellulose also exerting influence
(Paredez et al., 2006; Chan and Coen, 2020). CESA particles
have also been observed leaving microtubule tracks or switch-
ing from one track to another (Chan and Coen, 2020). Our
knowledge of CSC–microtubule interactions and their precise
physical positions is also blurred by the diffraction limit
(Anderson, 2018): for instance, due to the difficulty of distin-
guishing microtubule bundles from single microtubules by
light microscopy, it is unclear whether two CSCs moving in
opposite directions along a single microtubule can pass each
other without colliding. Despite advances in our understand-
ing of the structures and catalytic mechanisms of CESAs and
CSCs (Purushotham et al., 2020; Qiao et al., 2021; Zhang et
al., 2021), many questions about CESA behaviors in vivo re-
main unanswered due to the resolution limit of light micros-
copy. These gaps in understanding can be bridged in part by
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super-resolution microscopy, which improves the resolution
of light microscopy beyond the diffraction limit.

Understanding the nanoscale behaviors of CSCs would also
help answer questions concerning the relationships between
cellulose patterning and cell and tissue morphogenesis in
plants. The high tensile strength of cellulose and its typical ori-
entation perpendicular to the cellular growth axis, in combina-
tion with the observation that cells lose growth anisotropy in
cellulose-deficient plants, implies that cellulose organization
determines the direction and extent of growth anisotropy in
plant cells (Baskin, 2005). However, accumulating evidence has
called this model into question: microtubule orientation—and
presumably cellulose deposition patterns—can change dynam-
ically in cells undergoing anisotropic growth (Chan et al.,
2010); loss of wall integrity sensing can partially rescue growth
anisotropy without rescuing cellulose content (Hématy et al.,
2007); and defects in pectin, another wall polymer, can disrupt
growth anisotropy in elongating cells (Peaucelle et al., 2015).
The relationship between CESA particle movements and
growth anisotropy is still shrouded in mystery, but analyses of
CESA particle movements in a wider variety of cell and tissue
types might provide additional clarity.

In the past decade, super-resolution microscopy has be-
come more widely available, allowing researchers to address
new questions about the molecular dynamics and cellular
processes that occur in living organisms, including plants
(Fitzgibbon et al., 2010; Komis et al., 2015; Shaw et al., 2019).
A form of super-resolution microscopy called Structured
Illumination Microscopy (SIM) (Gustafsson, 2000) improves
upon the resolution of conventional confocal microscopy by
about two-fold, distinguishing objects spaced as little as
�100 nm apart for SIM versus �200 nm for confocal micros-
copy, and can therefore help address questions about the
in vivo behaviors of CESAs through improved detection and
tracking of CESA particles. SIM also has the potential to help
align insights gained from live-cell imaging with those from
imaging modalities, such as atomic force and electron micros-
copy, that reveal ultrastructural details of CSCs, microtubules,
and cell wall organization but cannot do so in living cells.

Here, we report the use of SIM to image and quantita-
tively analyze CESA particles in growing cells of Arabidopsis
(Arabidopsis thaliana). SIM detects over twice as many
CESA particles in these cells as confocal microscopy does,
and time-lapse experiments performed with SIM show that
individual CESA particles move steadily at a speed of
�250 nm/min. Some CESA particles perform “U-turns” as
they leave one microtubule and join another. Imaging CESA
particle movements in cotyledon petioles, an elongating tis-
sue, reveals widely varying patterns of CESA trajectories, but
little variation in CESA particle speeds or cell shape.

Results

SIM can be used to detect the localization and
behaviors of proteins in living plants
Super-resolution microscopy transcends the diffraction limit
of light to provide improved imaging resolution (Figure 1).

SIM (Gustafsson, 2000) accomplishes this by overlaying a
grating pattern on the illumination beam, then translating
and rotating that grating pattern to collect a series of
images (Figure 1, A–C). Combining these images computa-
tionally produces moiré patterns that contain higher-order
information about the fluorescence arising from individual
molecules. Using a Fourier transform, the raw data can be
reconstructed to generate a single image with roughly two-
fold better resolution than confocal microscopy (compare
Figure 1, D–F and G–I).

SIM can be used in living samples with the same fluoro-
phores as confocal microscopy, making it a strong candidate
for improved imaging of widely studied markers such as the
green fluorescent protein (GFP)–CESA3 fusion between
CESA3 and the GFP (Desprez et al., 2007). However, we de-
termined that Arabidopsis seedlings must be pressed closely
to the coverslip to ensure that CESA particles are in focus
and overlaid with the grating pattern. When using a double-
sided tape chamber to mount seedlings (Figure 1A), dark-
grown hypocotyls, which have been widely used for CESA
particle imaging (Paredez et al., 2006), are not pressed against
the coverslip firmly enough to consistently place CESA par-
ticles in focus. For this reason, all SIM imaging in this study
was performed in epidermal cells at the midvein of the coty-
ledon petiole of 5-day-old light-grown seedlings expressing
GFP–CESA3 (Figure 1B). Cells in this region were close to the
cover slip and flat enough to obtain consistent images of
CESA particles in the plasma membrane. Additionally, tape
placed on four sides of the seedling (Figure 1A) minimized
drift during image collection. With these mounting proce-
dures, SIM can be used to collect super-resolution imaging
data of CESA particles and allows for the capture of time-
lapse movies of up to 20 min at imaging intervals as small as
5 s. Reconstruction of super-resolution images for relatively
slow-moving CESA particles in the plasma membrane was ef-
fective (Figure 1G), but images for fast-moving intracellular
compartments or structures, such as Golgi or GFP–CESA-
containing vesicles undergoing cytoplasmic streaming, led to
streaking artifacts in reconstructed images (Movie 1).
Although we did observe photobleaching over time, GFP
proved bright and photostable enough to image GFP–CESA3
particles over long periods despite the requirement to ac-
quire 15 images at each time point for 3D SIM.

SIM imaging detects a higher density of CESA
particles than confocal imaging
Determining whether one fluorescent CESA particle corre-
sponds to a single CSC has been impossible using conven-
tional light microscopy including confocal, widefield, and
near-total internal reflection fluorescence (TIRF) imaging
(Bashline et al., 2013; Chen et al., 2014; Sanchez-Rodriguez et
al., 2017; Chan and Coen, 2020), especially since CESA par-
ticles tend to cluster along microtubule-associated tracks at
the plasma membrane (Paredez et al., 2006). To test
whether individual CESA particles can be more effectively
detected and resolved by SIM in these densely packed
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regions, we compared particle spacing along individual linear
tracks to confocal data. We also collected widefield, near-
TIRF images using the SIM microscope to control for differ-
ences in the cameras and objectives on the confocal and
SIM microscopes used in this study. We traced lines along
linear CESA tracks in average projections of time-lapse

datasets and overlaid them onto single frames from the
same datasets to measure fluorescence intensity profiles
(Figure 1, D, E, G, H, J, K, and M). We then counted fluores-
cent peaks from these profiles: we obtained an average of
1.10± 0.17 (standard deviation [SD]) particles mm–1 for con-
focal tracks, 0.98± 0.16 particles mm–1 for near-TIRF tracks,
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Figure 1 CESA particle density is higher in SIM images. A, Four-sided slide chamber used for SIM imaging. Yellow rectangles are tape, light blue is
half-strength MS medium, and the blue rectangle represents the coverslip. B, Cotyledon petiole cells that were imaged in the epidermal layer of 5-
day-old light-grown cotyledons. C, Fifteen raw images were taken with SIM, with each column’s grating pattern represented above the correspond-
ing five images. D, GFP–CESA3 image taken by confocal microscopy and scaled to fit the size of a SIM image. E, Zoomed-in region of (D). The
green line traces a GFP–CESA3 track used to make a plot profile of CESA particles. F, Imaris automated particle tracking of (E), green circles are
tracked particles. G, GFP–CESA3 image taken with near-TIRF microscopy and scaled to fit the size of a SIM image. H, Zoomed-in region of (G).
The blue line traces a GFP–CESA3 track used to make a plot profile of CESA particles. I, Imaris automated particle tracking of (H), blue circles are
tracked particles. J, GFP–CESA3 image taken by SIM. K, Zoomed-in region of (J). The purple line traces a GFP–CESA3 track used to make a plot
profile of CESA particles. L, Imaris particle tracking of (K). The purple circles are tracked particles. M, Plot profiles from (E), (H), and (K). Black
arrowheads mark peaks that were counted as particles. N, Number of particles along a track for confocal, near-TIRF, and SIM, n5 15 cells, black
horizontal lines indicate mean, different letters indicate significance, P5 0.0001, one-way ANOVA and Mann–Whitney test. O, Particle density de-
termined by Imaris, n5 15 cells, black horizontal lines indicate mean, different letters indicate significance, P5 0.0001, one-way ANOVA and
Mann–Whitney test. Scale bar = 2 mm.
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and 2.38± 0.34 CESA particles mm–1 from SIM tracks
(Figure 1N). We, therefore, detected more than twice as
many CESA particles from SIM data than from confocal or
near-TIRF data.

To determine whether this trend holds on a cellular scale,
we also compared CESA particle density in petiole cells
among confocal, near-TIRF, and SIM data. We outlined cells
from still frames and cropped them in ImageJ (Schneider et
al., 2012) to measure cell area, before counting particles using
an automated algorithm in Imaris (Bitplane). Average particle
density in SIM images (2.04± 0.38 particles mm–2, SD) was
more than twice that of confocal images (0.89± 0.27 particles

mm–2) or near-TIRF images (0.50± 0.12 particles mm–2)
(Figure 1, F, I, L, and O), suggesting that CESA particles
detected by confocal or near-TIRF imaging can often consist
of at least two unresolved CESA particles and therefore multi-
ple CSCs. To help determine whether the differences in CESA
particle detection between imaging techniques are due to dif-
ferences in either resolution or signal-to-noise, we estimated
signal-to-noise ratio for confocal, near-TIRF, and SIM images.
Confocal, near-TIRF, and SIM images had signal-to-noise
ratios of 3.98, 8.51, and 3.05, respectively, for GFP–CESA3
(n = 10 images for each imaging method). This result suggests
that improvements in particle detection from SIM images

Figure 2 SIM allows for more precise CESA particle tracking. A, Average projection of GFP–CESA3 from a confocal time-lapse movie. B, Imaris par-
ticle tracks overlaying (A), see Movie 1. The color of the tracks indicates the time point in the movie of the particle along its track, as seen in the
heatmap below (D). C, Average projection of GFP–CESA3 from a SIM time-lapse movie. D, Imaris particle tracks overlaying (C), see Movie 1; white
arrowheads indicate two particles moving in tandem. The color of the tracks indicates the time point in the movie of the particle along its track
as seen in the heatmap below (D). E, Twenty confocal particle positions plotted as particle distance from particle origin, n5 3 seedlings. Line col-
ors are arbitrary and used solely to identify one particle track from another in (E), (F), (H), and (I). (F) Twenty SIM particle positions, plotted as
particle distance from particle origin, n5 3 seedlings. G, Particle speeds calculated as distance over duration, n = 12 cells from 12 different seed-
lings, black bars indicate mean, P5 0.0001, Student’s t test. H, Frame-to-frame speed calculated for 20 confocal particles, n5 3 seedlings. I,
Frame-to-frame speed calculated for 20 SIM particles, n5 3 seedlings. J, Plot of instantaneous speed from every time point of particles in (H) and
(I), black horizontal lines indicate mean, P5 0.0001, Student’s t test. Scale bar = 2 mm.
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do not arise from improved signal-to-noise or a unique opti-
cal setup, but rather from improved resolution. Together,
these data demonstrate the quantitative advantage provided
by the improved resolution of SIM over confocal or near-TIRF
microscopy for detecting and quantifying CESA particles
in vivo.

SIM allows for improved tracking of CESA particle
motility
The increased CESA particle density observed in SIM images
(Figure 1, N and O) suggests that single particles tracked in
confocal time-lapse recordings might often consist of two
particles moving in close proximity. Differences in the actual
positions and/or speeds of closely spaced, unresolved CSCs
that are tracked as single particles in kymograph or auto-
mated tracking analyses would result in errors in particle
tracking, resulting in artifactually erratic particle trajectories
and instantaneous velocities. CESA particles imaged using
SIM at 5-s intervals over 5-min periods (Movie 1) typically
moved along roughly linear trajectories that did not split
(Figure 2D;Movie 1). Particles moving along a given track of-
ten moved in the same direction at very similar velocities
(Figure 2D; Movie 1); quantifying particle directionality using

kymographs showed that 69 out of 110 particles from 10
tracks moved in the predominant particle direction for a
given track, a distribution that was nonrandom (P5 0.05,
chi-squared test).

To compare precision in particle tracking between SIM
and confocal imaging, we used identical procedures to track
CESA particles in SIM, near-TIRF, and confocal time-lapse
data using Imaris, but with a reduced estimated particle size
in SIM images to match the smaller apparent size of the
particles as detected by this technique (Figure 1, F and L).
CESA particles tracked from SIM data did not deviate exten-
sively from their trajectories, whereas CESA particles
detected from confocal data meandered (Figure 2). We cal-
culated particle positions for 20 particles each from SIM and
confocal datasets that we confirmed visually to be single
particles and with tracking information over at least 75 s.
Plotting the distance traveled by each particle from its initial
position over time revealed larger deviations from the pri-
mary trajectory for confocal particles than for SIM particles,
suggesting that improved resolution allows for more accu-
rate tracking of CESA particle movements (Figure 2, E and F).
Calculating average speeds for larger sets of particles con-
firmed that the steeper slopes in the SIM particle plots in
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Figure 2F reflect a faster average particle speed of 250± 108
(SD) nm/min compared to an estimated speed of 194± 121
(SD) nm/min for confocal data (Figure 2G). Calculating frame-
to-frame speeds for the same 20 particles from each dataset
likewise showed a stark difference in average particle speeds
(411± 184 [SD] nm/min for SIM versus 582± 395 [SD] for con-
focal; Figure 2, H–J), with confocal data showing higher aver-
age frame-to-frame speeds, likely due to imprecisions in
particle tracking that exaggerated the distance each particle
traveled between frames. The distribution of frame-to-frame
particle speeds was also tighter for SIM data (Figure 2J). Both
particle positions and speeds in SIM data showed less devia-
tion from the linear, constant motility hypothesized for CESAs.

In time-lapse data collected from cells expressing GFP–
CESA3 and the microtubule marker mCherry-TUA5, CESA par-
ticles tended to move along the sides of microtubules rather
than directly on top of them (Movie 2). Using plot profiles to
quantify the distance from the estimated center of a microtu-
bule to the estimated center of a CESA particle moving along
its track, we assigned particles to one of three categories:
(1) those on top of microtubules (both edges of the CESA,
defined as the position of one end of the extent of the Full
Width at Half Max, are within the microtubule); (2) those
overlapping microtubules (one edge of the CESA lies between
the edges of the microtubule); and (3) those separated from
microtubules (no CESA edges within the microtubule edges)
(Figure 3F). Most particles did not sit directly on top of
microtubules but localized slightly to one side. We also ob-
served that the position of CESA particles moving along a mi-
crotubule track relative to that microtubule changed over
time, often switching between the above three categories
over the course of the time-lapse (Figure 3F). Many additional
particles appeared to move in parallel with a microtubule but
were separated (category three) for the duration of the
movie. It is unclear whether this last group of CESA particles
was tethered loosely to the microtubule, following the pat-
terning of previously deposited cellulose, or were remnants

from a parallel microtubule track that had recently depoly-
merized and was therefore absent from the dataset.

A subset of CESA particles makes U-turns
CESA particles that leave a microtubule-associated track, of-
ten due to depolymerization of the microtubule, can often
continue to move along the same trajectory (Paredez et al.,
2006). We observed CESA particles exhibiting these behav-
iors, but a subset of other particles followed a curving trajec-
tory after leaving stable or unstable microtubules and
eventually completed a turn greater than 90 degrees
(Figure 3, A–E). These “U-turns” are uncommon but were
observed multiple times across multiple experiments: from a
total of 92 movies of either 20-min or 5-min duration, we
observed U-turns in 17 movies. For the 20-min movies, 11
out of 24 showed examples of U-turns, while only 6 out of
the 68 5-min movies contained U-turns. Within the movies
that contained U-turns, U-turn particles made up only
0.01% of the tracked particles. From the initial deviation
from a straight trajectory to the completion of a curve, U-
turns lasted from 160 to 480 s (Figure 3G). Movies having a
5-min total duration would not be expected to include U-
turns that initiated later in the movie due to the duration
required to complete the U-turn, explaining the apparent
underrepresentation of U-turn frequency in these shorter
movies.

U-turns almost always coincided with at least one micro-
tubule, although those microtubules displayed a full range of
behaviors including depolymerization, lateral translation, and
remaining stable (Movie 2). U-turn particles did not appear
to be positioned on any specific region of the microtubule
and could be found centered on a microtubule or along ei-
ther edge. We did not observe stable microtubules in associ-
ation with every U-turn, with one out of 20 U-turns having
no stable microtubules and 10 out of 20 having at least
one unstable microtubule, suggesting that microtubules
are not required for U-turn behavior. Most often, multiple
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microtubules were involved in a U-turn, often in alignment
with the initial trajectory and the final trajectory, and one or
more of these microtubules were stable. In the U-turn dis-
played in Figure 3, A and B (Movie 2), a third microtubule
appeared to “sweep” the CESA particle off the first microtu-
bule and guide it toward the second microtubule in one of
the few examples involving three microtubules. Overall, we
observed particles performing U-turns between two parallel
microtubules (9 out of 20), between acutely intersecting
microtubules (9 out of 20), away from a microtubule into
an area lacking microtubules (1 out of 20), and onto a mi-
crotubule from an area lacking microtubules (1 out of 20).

To determine whether CESA particle movement demon-
strated a directional bias based on microtubule polarity that
might influence this U-turn behavior, we analyzed 100 par-
ticles moving along newly polymerized microtubules. Newly
polymerized microtubules are likely single microtubules, so
CESA particle direction toward the plus or minus end of the
microtubule can be determined by observing microtubule
polymerization behavior. Of the 100 particles, 61 moved to-
ward the fast-growing plus end, which represents a signifi-
cant deviation from a random distribution, based on a Chi-
squared analysis (P = 0.0278).

Most U-turns involved a single CESA particle, but a few
cases involved multiple particles following the same U-turn
trajectory. We scored multiple-particle U-turns as single

U-turn occurrences and their data were taken as one data
point, since all particles followed the same track at roughly
the same speed. U-turns had an average radius of curvature
of 0.29mm and a range of 0.10mm to 0.76mm. Analyzing
particle speeds using kymographs and automated particle
tracking software (Imaris) showed that CESA particle speeds
remain consistent throughout the U-turn, with variability in
frame-to-frame speed matching that of particles moving
along straighter tracks, suggesting that CESA particles do
not speed up or slow down substantially when leaving or
joining microtubule-aligned trajectories.

CESA track patterns vary in cotyledon petiole cells
The cotyledon petioles from which we collected SIM data
displayed a diverse array of GFP–CESA3 densities, patterns,
and cell shapes. The middle third of the petiole midvein
(Figure 1B) contains long, rectangular cells of a similar size
and shape. Cellular patterns of CESA particle trajectories var-
ied widely in this tissue, even between neighboring cells
(Figure 4). Unlike dark-grown hypocotyls where neighboring
cells have similar CESA particle patterning and anisotropy
(Barnes and Anderson, 2018), neighboring petiole cells often
displayed transverse and longitudinal patterning, and yielded
varying anisotropy scores, as calculated by the ImageJ plugin
FibrilTool (Figure 4E; Boudaoud et al., 2014). Larger cells to-
ward the hypocotyl or central region of the petiole also oc-
casionally displayed several pattern types in a single cell,
with transverse tracks morphing into longitudinal tracks. We
assigned track patterns from 61 cells into one of four cate-
gories: longitudinal (530 degrees relative to the growth axis
of the cell); diagonal (30–60 degrees); transverse (460
degrees); and multidirectional (Figure 4, A–D). We quanti-
fied the primary CESA trajectory angle relative to the cell
growth axis for each cell using FibrilTool, which revealed the
longitudinal category as the most common pattern (35
cells), followed by diagonal (15 cells), and lastly transverse
(11 cells). We included multidirectionally patterned cells in
the dataset, although they could not be scored visually for

Movie 1: Tracked SIM CESA particles show steadier linear trajectories
than tracked confocal CESA particles (time-lapse dataset for images
shown in Figure 2). Top left: Confocal data showing GFP–CESA3 par-
ticles. Yellow arrowhead indicates an example of a CESA particle. Top
right: Particles (green) from automated particle tracking performed
with Imaris overlaid on the same confocal data. Particle tracks are
color-coded by time. Bottom left: Reconstructed SIM data showing
GFP–CESA3. Yellow arrowhead indicates an example of a CESA parti-
cle. Bottom right: Particles (magenta) from automated particle track-
ing performed with Imaris overlaid on the same SIM data. Particle
tracks are color-coded by time. Scale bar = 2 lm. Movie collage was
generated using Kapwing.

Movie 2: GFP–CESA3 particle performing a U-turn along parallel
microtubules (time-lapse dataset for images shown in Figure 3). Left:
Reconstructed SIM data showing GFP–CESA3 (green) and mCherry-
TUA5 (magenta). Right: Particles (cyan) from automated particle
tracking performed with Imaris overlaid on the same data. Yellow
arrowheads point to the particle that completes a U-turn. Scale
bar = 2 lm.
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track angle, but were sorted into the other three categories
based on the net track angle, as calculated using FibrilTool.

The difference in CESA patterns displayed in cells of similar
size and shape in the epidermis of the petiole was unlike that
of etiolated hypocotyls, which display similar track patterns in
neighboring cells of the same size and shape. Since the above
data came from a single developmental time frame, we im-
aged the plasma membrane marker, LOW TEMPERATURE-
INDUCED PROTEIN 6B (LTI6B)-GFP, a fusion between LTI6B
and GFP, in 3-, 5-, and 7-day-old petiole epidermal cells to
observe cell shape over time. We measured the cell length to
width ratios for each day: they were 3.82 on Day 3, 5.85 on
Day 5, and 9.15 on Day 7 (n5 38 cells from four seedlings
for each time point). Because cell files contained the same
number of cells over time, the increasing length-to-width ra-
tios suggest anisotropic growth of the epidermal petiole cells
between 3 and 7 days after sowing.

Although the average CESA particle speed across all of the
cells imaged by SIM (249± 40 [SD] nm/min) was comparable
to speeds obtained with confocal data for etiolated hypoco-
tyls (Paredez et al., 2006; Chen et al., 2010; Gu et al., 2010;
Xiao et al., 2016), we wondered whether the different trajec-
tory patterns might lead to variability in CESA speed. Using
FibrilTool to separate cells by both average trajectory angle
relative to the growth axis and anisotropy score, we com-
pared average CESA particle speeds from each cell based on
track pattern and anisotropy score (Figure 4, F and G).
Accordingly, we compared the top 20 scoring cells in each
category to their opposite (transverse versus longitudinal,
high anisotropy versus low anisotropy), but these compari-
sons showed no significant difference in CESA particle
speeds between cells with different trajectory patterns or an-
isotropy scores. These data indicate that CESA particle speed
is independent from trajectory patterning in the cell.

Discussion
Despite being very small, CESA complexes produce gigatons
of cellulose in growing plants every year, but how these
amazing molecular factories behave at the nanoscale in liv-
ing cells to accomplish this feat has remained obscure. To
begin to connect emerging information regarding the
atomic structure and biochemical activity of plant CESAs
(Purushotham et al., 2020; Qiao et al., 2021; Zhang et al.,
2021) to their behaviors in living cells, we used super-
resolution microscopy to reveal new details about how
CESAs help construct the plant cell wall.

SIM data indicate that CESA particles as imaged by
confocal microscopy can contain more than one
CSC
Using confocal or near-TIRF microscopy, CESA particles
show a density of �1 particle mm–2 (Xiao et al., 2016; Chan
and Coen, 2020), but cellulose at the innermost layer of the
cell wall appears to be much denser, as observed by atomic
force microscopy and field emission scanning electron

microscopy; these images represent a “fossil” image of recent
cellulose deposition, whereas a single CESA image provides
only a snapshot (Zhang et al., 2016; Zheng et al., 2017). The
higher density of GFP–CESA3 in SIM images (Figure 1, N
and O) suggests that many CESA particles in confocal
images in fact contain two or more CSCs. This observation
aligns more closely with freeze-fracture electron microscopy
data estimating a CSC density in the base of caulonemal tip
cells of bonfire moss (Funaria hygrometrica) of 3–4 particles
mm–2 (Reiss et al., 1984). With a resolution limit of 100 nm,
it is still possible for more than one CSC to exist in a CESA
particle from a SIM image, but particle splitting and merging
events are rarely seen, suggesting that particles in close prox-
imity might be moving together to form larger or bundled
cellulose microfibrils, as is seen at larger scales during sec-
ondary wall synthesis (Li et al., 2016). It is also possible that
closely positioned CSCs influence each other’s behavior by
linking catalytic rates to physical effects of the production
and/or crystallization of aligned microfibrils, or by the inhibi-
tion of “overtaking” maneuvers along microtubule tracks.

Although 3D SIM shows improvements in axial resolution
over confocal microscopy (roughly 269 nm axial resolution
compared to 500 nm axial resolution, respectively; Gustafsson,
2000), we suspect that the lower estimated signal-to-noise ra-
tio for SIM in comparison to that of near-TIRF comes from
the speckling artifact of reconstruction that is especially
prominent in the out-of-focus regions used for background
measurements, as well as the fact that near-TIRF limits the il-
lumination volume to near the coverslip.

Improved particle tracking shows that individual
CESA particle speeds are relatively steady, but that
particle speeds within a cell vary widely
Although CESA particle speeds in SIM images fall within the
range of speeds published from confocal data (Paredez et al.,
2006; Chen et al., 2010; Gu et al., 2010; Xiao et al., 2016; Liu
et al., 2017), automated particle tracking improvements can
more accurately reflect the motility of CESA particles and re-
duce the variability in speed averages previously seen in the
field. The erratic particle trajectories seen in confocal data
(Figure 2) might help explain why the average of frame-to-
frame speeds for tracked CESA particles in confocal images
is higher than in SIM images. CESA particles in confocal
images that actually contain more than one CSC may be
tracked inaccurately, as the tracked centroid shifts between
complexes, resulting in higher frame-to-frame speeds. There
is less discrepancy in SIM particle data between average
frame-to-frame speed and distance over duration measure-
ments, suggesting that the true speed of CESA particles is
closer to the linear estimation given by the distance over
duration calculation than confocal data suggest. By resolving
these separate particles, SIM allows for more precise tracking
of the movements of CESA particles, which will be especially
useful in studying CESA–microtubule interactions. Because
fast-moving objects are not captured by SIM due to the

Super-resolution imaging of CESA THE PLANT CELL 2022: 34: 273–286 | 281



�5 s required to acquire 15 raw images at each time point,
SIM also likely selects against small CESA compartments
(SmaCCs)/microtubule-associated CESA compartments
(MASCs), providing data enriched in well-resolved, slow-mov-
ing, plasma membrane-localized CESA particles; using a cutoff
of 600 nm/min to roughly separate membrane-localized CESA
particles from SmaCCs/MASCs, we determined that only
0.02% of tracked particles move faster than 600 nm/min in
SIM time-lapse datasets, whereas 2.23% of tracked particles
moved faster than 600 nm/min in confocal datasets.
Observations of SIM data suggest a bias in particle movement
along microtubules toward the plus end. Whether this bias is
due to microtubule polarity in bundles, track orientation
within the cell, or CSC coordination remains unknown. We
also observed particles moving along the sides of microtubule
bundles, which begs the question of whether there is variabil-
ity in the strength of the connection between CSCs and
microtubules. Particles moving along the sides of microtubule
tracks might have a weaker connection and therefore be
more likely to switch directions at intersections between cor-
tical microtubules. Microtubules can form bundles and CESA
particles are closely spaced along microtubule tracks; there-
fore, improvements in detection, localization, and tracking
that exceed current algorithms such as Imaris, which can
sometimes momentarily lose particles, promise to provide
new insights into how CESA particle movements are influ-
enced by microtubules and the conditions under which CESA
particles leave, join, or switch microtubule tracks.

Although SIM improved CESA particle tracking (Figure 2,
A–I), we still observed a wide range of CESA particle speeds
within a single cell, although the speeds of individual par-
ticles remained remarkably constant and interparticle speed
variation was far lower for particles moving along the same
track. These data imply that fluctuation in local substrate
availability is not a limiting factor for CSC motility and that
the catalytic activity of individual CESA subunits might be
coordinated to maintain the correct polymerization and
crystallization of cellulose microfibrils (Harris et al., 2012;
Fujita et al., 2013). Regional differences in microtubule orga-
nization and/or wall patterning across the cell surface might
underlie the large variations in speed observed between dis-
tant CESA particles. The distribution of CESA particle speeds
is more symmetrical in SIM data than in confocal data
(Figure 2G), with more particles moving at faster speeds in
SIM data, although the overall range of speeds is similar be-
tween the two forms of microscopy. A closer examination
of where faster- and slower-moving particles reside within
the cell, or how CESA particle speeds might vary over the
course of the particle’s residence time at the plasma mem-
brane, might provide additional clues concerning how CSC
motility is regulated.

CSC particle trajectories are likely influenced by
multiple factors
It is unclear whether the U-turns observed in the petiole are
carefully regulated to produce a specific result in the cell

wall, or if they are unregulated accidents of CSC behavior
that have little effect on wall structure or function.
Although U-turns appear to be a recurring behavior in
CESA movies, the variability in circumstances surrounding
each U-turn suggests a complicated mechanism for regulat-
ing CESA trajectory. U-turns can occur with or without
microtubules, but do seem to be influenced by them when
they are present, suggesting that several mechanisms are in-
volved and that these mechanisms have a hierarchy for
exerting control over CSC behavior.

Based on our observations, we propose three different hy-
potheses for the existence of the U-turn behavior. In cases
involving microtubules, the slight bias in direction of move-
ment along microtubules toward the plus end may encour-
age U-turn behavior (Figure 3C). Interestingly, our data differ
from a previous report demonstrating a directional bias to-
ward the minus end (Chan and Coen, 2020). A slight bias
might explain the change in direction of particles displaying
U-turn behavior, as well as the low frequency of this behav-
ior. In many cases, other particles begin along the same tra-
jectory as U-turn particles but continue on a linear path, so
U-turn behavior does not appear to be the dominant path-
way. Another potential regulator for particle behavior is pre-
viously deposited cellulose, which may be influencing
particle trajectories independently from microtubules
(Figure 3D). The existence of a curve in the newly deposited
cellulose layer might cause the freshly extruded cellulose to
follow the curve, pulling the CSC off its current linear track
(on or off a microtubule) and into a curved trajectory. In
cases with multiple particles following the same U-turn, this
cellulose curve may be well established and therefore able to
pull more particles away from their linear tracks. It is also
possible that CESA particle trajectory is influenced by the
patterned deposition of matrix polysaccharides, an especially
intriguing direction for future SIM studies given the fact
that both CESA particle behavior and cellulose organization
are aberrant in mutants lacking matrix components such as
xyloglucan or pectin (Xiao et al., 2016; Du et al., 2020).
Lastly, U-turns may be a reaction to an obstruction in the
plasma membrane that knocks the particle off its course
(Figure 3E). This possibility might be the least likely, given
the consistency of U-turn particle speeds, but resolution lim-
its may obscure details of the movements of CESA particles.
One or more of these mechanisms may be involved in each
U-turn, suggesting a complex system of CSC trajectory regu-
lation to create each layer of cellulose.

CESA track patterns vary widely in cells having
similar shapes and degrees of growth anisotropy
The variety in CESA track patterns displayed in similarly
shaped cells of the cotyledon petiole does not support the
hypothesis that cellulose is deposited perpendicularly to the
axis of growth. Not only did track patterns vary from cell to
cell, but they also varied within a cell, resulting in arched
and curved CESA tracks as they morphed from transverse to
longitudinal patterning. Despite this diversity, these cells all
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had a uniformly thin, rectangular shape. Although cells
closer to the cotyledon might eventually adopt rounded or
complex shapes as pavement cells, cells near the hypocotyl
that should remain long and rectangular also displayed large
variations in CESA track patterns. Imaging of LTI6B-GFP
revealed that these rectangular cells grow anisotropically
and maintain a rectangular shape from 3 to 7 days after
sowing. CESA tracks aligned closely with microtubules in all
cotyledon petiole cells, so their patterning is likely still influ-
enced by cortical microtubule organization (Paredez et al.,
2006; Chan et al., 2010; Li et al., 2015).

Super-resolution imaging is helping to bridge the gap be-
tween dynamic in vivo imaging of CESAs and emerging
structural data that tell us about CSC composition and mo-
lecular geometry; the broadening availability of super-
resolution techniques, including SIM, PALM/STORM, or
AIRYSCAN, will continue to improve our understanding of
how the world’s most abundant biopolymer is produced
and to open new avenues of research for designing renew-
able biomaterials.

Materials and methods

Plant materials and growth conditions
Arabidopsis thaliana lines GFP–CESA3, mCherry-TUA5
(Gutierrez et al., 2009), and GFP–CESA3 cesa3je5 (Desprez et
al., 2007) were used for all imaging experiments. Seeds were
surface sterilized in 30% (v/v) bleach 0.1% (w/v) SDS (Fisher)
for 20 min, with vortexing every 10 min. Seeds were then
washed 4 times in sterile water before stratification in 0.15%
agar at 4�C. Seedlings were grown on half-strength
Murashige and Skoog (MS) medium (Caisson Laboratories)
adjusted to pH 5.6 with 0.6 g 2-(N-morpholino)ethanesul-
fonic acid (MES; Research Organics), solidified with 0.8% (w/
v) agar- (Research Organics), and supplemented with 1%
(w/v) sucrose. Seeds were sown along two rows to allow ad-
equate spacing. The plates were placed upright in a Percival
CU36L5C8 growth chamber with Sylvania Octron Eco 4100K
bulbs at 22�C under continuous light at 800 PPFD for 5 days
before imaging. LTI6B-GFP (Cutler et al., 2000) seedlings
were grown identically for 3–7 days before imaging.

GFP–CESA3 and mCherry-TUA5 imaging
SIM (3D SIM) and near-TIRF imaging were performed on a
Nikon N-SIM/N-STORM microscope using a 100� 1.49 NA
oil-immersion objective and an Andor back-thinned iXON
897 EMCCD camera (512 � 512 pixels). Confocal micros-
copy was performed on a Zeiss Observer SD spinning disk
confocal microscope with a 100� 1.40 NA oil-immersion
objective and a Photometrics QuantEM 512SC camera
(512 � 512 pixels). It should be noted that the SIM-
reconstructed images are 1,024 � 1,024 pixels, but that this
difference in pixel count between the cameras does not im-
prove the optical resolution of the microscope. Seedlings
grown for 5 days were mounted on glass slides surrounded
on all sides for SIM and two sides for confocal microscopy
with double-sided tape (3M Permanent), immersed in 60mL

half-strength liquid MS medium, and covered with a
24 � 40 mm #1.5 coverslip (Corning). Dual-channel time-
lapses were collected by imaging the 488-nm laser channel
(500–545 nm filter for SIM and near-TIRF, 500–550 nm filter
for confocal) and the 561-nm laser channel (570–640 nm fil-
ter for SIM, 581–653 nm filter for confocal) sequentially at
each time point to collect imaging data on GFP–CESA3 and
mCherry-TUA5. Images were all collected in the epidermal
layer of the midvein region of the petiole of cotyledons.
Confocal data were collected with 90% laser power, 200-ms
exposure, and 300 EM gain. Near-TIRF data were collected
with 0.3% laser power, 80-ms exposure, and 100 EM gain.
SIM data were collected with 80% laser power, 150-ms expo-
sure, and 100 EM gain. No frame averaging was used. While
near-TIRF data were collected using the same objective and
camera as SIM, we used the 1� module and the STORM
driver instead of the SIM module to perform TIRF experi-
ments without SIM. This 1� versus SIM module accounts
for the difference in size of the imaging regions between the
two modalities. The TIRF angle adjustment was set to
3,884.2. Both cameras were set to 16-bit depth, with each
pixel being 16 � 16 lm. Raw SIM data were reconstructed
in NIS Elements using a Fast Fourier Transform to optimize
results. Settings for the reconstruction process were adjusted
for each image, but variations were small. Illumination
Modulation Contrast was set between 0.50 and 1.00. High-
resolution noise suppression was always 0.10. Out of Focus
Blur Suppression was set between 0.01 and 0.02.

Image analysis
Images were analyzed using ImageJ (Schneider et al., 2012)
and Imaris version 7.4.1. No post-processing was performed
other than the use of the ImageJ plugin StackReg to correct
for minor sample drift (Thévenaz et al., 1998). Movies were
cropped around cells to remove the cell outlines that are
out of focus and would otherwise lead to falsely tracked par-
ticles along these edges in Imaris. For Imaris, estimated parti-
cle diameter was set empirically to 0.25mm for confocal
images, 0.4mm for near-TIRF, and 0.15mm for SIM images;
connected components were used as the tracking algorithm,
and the minimum track duration was set to 60 s. Tracked
CESA particles that were traveling in Golgi or SmaCCs/
MASCs or moving faster than 600 nm/min were manually
removed from the tracking dataset. The ImageJ Plugin
FibrilTool (Boudaoud et al., 2014) was used to determine
the primary orientation and anisotropy score of CESA trajec-
tories relative to the growth axis of the cell. The speeds of
the 20 highest and lowest scores for anisotropy were com-
pared using a Student’s t test. The speeds of the 20 most
longitudinal and most transverse cells were compared simi-
larly. Kymograph analysis for particle directionality along
microtubules was performed using Kymobutler (Jakobs et
al., 2019). Ten kymographs were collected along
microtubule-associated CESA particle tracks from 10 seed-
lings. The frequency of particles moving in the dominant di-
rection of CESA particle movement was compared to the
expected value of 50% by chi-squared analysis.
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Density and particle spacing
To determine density, the perimeter of a cell was traced us-
ing the polygon tool in ImageJ to collect the area (Schneider
et al., 2012). The region was cropped and run through
Imaris to determine particle count within that cell area to
quantify particle density. Imaris settings were identical to all
other analyses done for SIM movies. Particle spacing was de-
termined by tracing an average projection of a CESA track
using the segmented line tool in ImageJ. After overlaying the
line onto the original time-lapse, a Plot Profile was taken
and the peaks counted to determine the average number of
particles per micron along a CESA track.

Signal-to-noise estimates
Ten images each from at least nine seedlings from confocal,
near-TIRF, and SIM data were thresholded in ImageJ to se-
lect for GFP–CESA3 signal (Schneider et al., 2012). Average
signal intensity was calculated and compared to the inten-
sity from a selected region in the same image lacking GFP–
CESA3 signal to estimate the signal-to-noise ratio.

Colocalization of CESA particles and microtubules
Plot profiles were drawn perpendicularly to microtubule
tracks over 50 microtubule-associated CESA particles. Each
particle was observed to move along the track to determine
association. Profiles were plotted from each channel to get
fluorescent peaks for the CESA particle and the microtubule.
The distance between the peak of the CESA particle signal
and peak of the microtubule signal was calculated for each
particle. Particles were split into three categories: on top,
overlapping, and separate, based on the relative positions of
their outer edges. Outer edges of microtubules and CESA
particles were defined as the boundaries of the Full Width
at Half Max of the fluorescent peak. CESA particles in the
“on top” category had both edges inside the edges of the
microtubule; particles that were “overlapping” had one edge
within the microtubule boundary; separate particles had no
edges within the microtubule boundary. All particles came
from two separate tracks each from five different seedlings
with ten particles per seedling.

Microtubule polarity analysis
Microtubules that could be observed polymerizing were
screened for CESA particle movement along the new seg-
ment of microtubule. A total of 100 CESA particles observed
on newly polymerized microtubules were scored as moving
toward the plus end or toward the minus end of
microtubules.

Quantification of cell geometry in 3- to 7-day-old
seedlings
LTI6B-GFP seedlings grown in the light for 3, 5, or 7 days
were imaged in the same region as for GFP–CESA3 particles
to quantify the cell length-to-width ratio in developing coty-
ledon petioles. Lengths and widths of cells close to the cov-
erslip in the epidermal layer were measured for four

different seedlings each day. At least seven cells were mea-
sured per seedling, and the average length-to-width ratio
was calculated for Days 3, 5, and 7.

Statistical analysis
All data are from a minimum of three biological replicates.
With the exception of the sets of 20 individually tracked
particles from Figure 2, all data are from a minimum of
three experimental replicates. Statistical significance was de-
termined using a Mann–Whitney test, analysis of variance
(ANOVA), or two-tailed unpaired t test. Deviation from a
random distribution was determined using chi-squared
analysis.

Accession numbers
Sequence data from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases
under the following accession number: CESA3 (At5g05170),
LTI6B (At3g05890), and TUA5 (At5g19780).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Data Set S1. Summary of statistical
analyses.
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