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Assembly of polysaccharide-based walls by plant cells involves

the rapid synthesis, trafficking, and deposition of complex

biopolymers, but how these events are controlled and

coordinated to achieve a strong, resilient extracellular matrix

has remained obscure for decades. Recent quantitative

analyses of fluorescence microscopy data have revealed

details of the trafficking and synthetic activity of cellulose

synthases, and new methods for labeling matrix polymers have

unveiled aspects of their regulated deposition in the wall.

Detailed studies of the identity, architecture, activity, and

trafficking of the proteins and protein complexes that

synthesize wall polymers, combined with advances in image

acquisition and analysis, will aid future efforts to dissect wall

assembly.
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Introduction
Time-lapse videos of construction sites show frenetic

activity, with workers, machines, and materials zipping

everywhere. However, an ordered series of events under-

lies this apparent pandemonium. Similarly, the complex

and dynamic walls of plant cells, which are initially built

from scratch in only an hour during cytokinesis, seem to

be assembled by a multitude of invisible and hasty work-

ers, but in fact arise from an orchestrated series of tightly

regulated cellular processes. Here, I explore how recent

advances in quantitative imaging have enabled new dis-

coveries concerning the enzymatic, trafficking, and apo-

plastic events that drive cell wall assembly, and discuss
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future research directions that promise to expand our

knowledge of how plant cells construct their wondrous

extracellular shells.

The walls of plant cells provide structural support, inter-

cellular adhesion, and protection from environmental

insults. The primary walls of growing cells must be

flexible to facilitate growth [1], whereas secondary walls,

made in certain cell types after growth cessation, provide

rigidity and waterproofing [2]. Plant cell walls are com-

posed of biopolymers, including cellulose, hemicellu-

loses, pectins, oligosaccharides, lignin, structural proteins,

and enzymes, which function in a milieu of water and

ions, including Ca2+ and H+. They are typically organized

into layers that are laid down sequentially during synthe-

sis. Cellulose is made at the cell surface by protein

complexes containing CELLULOSE SYNTHASEs

(CESAs) [3], whereas matrix polysaccharides, such as

pectins and hemicelluloses, are typically polymerized

in the Golgi and delivered to the apoplast via exocytosis

[4]. In Arabidopsis thaliana, CESA complexes (CSCs)

contain three unique CESA isoforms (1, 3, and 6-like)

for primary wall synthesis and three different isoforms (4,

7, and 8) for secondary wall synthesis [5]. Intracellular

trafficking and signal transduction, including cytoskeletal

networks and wall integrity signaling, are essential for

proper wall assembly [4,6]. In the past few years, new

experimental tools and quantitative image analysis have

elucidated uncharted aspects of cell wall assembly in

plants. Many mysteries remain, but some of these are

solvable using the tools of quantitative cell biology. Due

to space constraints, I do not discuss the post-delivery

dynamics of wall polysaccharides, a topic that has been

reviewed recently [1,7], and apologize to colleagues

whose important work is not cited here.

Quantitative imaging of cellulose synthases
Over the past 12 years, CESAs have been intensively

studied using live cell microscopy, enabled by fluorescent

protein (FP)-tagged CESAs that rescue cesa mutations [8]

and can also be transformed into wild type backgrounds

without obvious detrimental effects [9]. Recently, FP-

CESA imaging has expanded beyond Arabidopsis, with

motile FP-CESA particles being observed and quantified

in the grass Brachypodium distachyon [10] and the moss

Physcomitrella patens [11]. Spinning disk confocal micros-

copy, which achieves fast, sensitive, and simultaneous

full-field image acquisition, facilitates the quantification
www.sciencedirect.com
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of FP-CESA particle behavior. Micrographs of FP-CESA

particles can be used to calculate the position and inten-

sity of each particle, despite each CSC, at 25–35 nm in

diameter, being a sub-diffraction object (Figure 1a). FP-

CESA particle motility (Figure 1b–d) was first measured

by kymograph analysis [8] (Figure 1), in which a line is

traced along a track of FP-CESA trajectories, and pixels

along this line from sequential timepoints are stacked to

make a time versus distance image [8,11]. By measuring

line slopes from the kymograph, particle speeds can be

calculated, averaging �200–300 nm/min for FP-CESA

particles [8], although there is considerable variation in

measured speeds, both within an individual dataset [8]

and across studies [10,12]. If FP-CESA particle speed is

inferred to equal the rate of cellulose synthesis, this

variation might reflect speed variationin the extrusion

of cellulose microfibrils which is hypothesized to provide

the driving force for FP-CESA particle motility [8]. More

recently, particle-tracking algorithms, such as those in

Bitplane’s Imaris package, have been used to simulta-

neously identify and track thousands of FP-CESA parti-

cles [9,13,14,15��]. The speeds of tracked particles match

well with kymograph calculations. In both cases, particles

moving faster than 600–650 nm/min are separated from
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the dataset, since these might represent intracellular FP-

CESA-containing vesicles [16��]. Calculating directional-

ity for tracked FP-CESA particle trajectories yields values

for trajectory co-alignment and orientation relative to the

growth axis in a given cell [13,14,15��], plus a directional

bias measure called ‘optical flow direction’ [17], providing

a snapshot of the patterned deposition of cellulose in the

newest layer of the wall [9,18�] (Figure 1g). Algorithms

that calculate the nanoscale 3D positions of fluorescent

particles [19] might allow for quantification of subtle CSC

behaviors, such as changes in speed or wobbling along the

primary trajectory, that allow for insights into the catalytic

mechanisms and microtubule associations of CESAs. On

this front, super-resolution imaging, such as Structured

Illumination Microscopy (SIM), has the potential to pro-

vide more precise positional information [20], although

the acquisition time for SIM images is slower than that for

spinning disk confocal microscopy.

Particle density can also be calculated from micrographs

of FP-CESAs, using software or manual counting [9,15��].
However, FP-CESA particle density, which ranges from

�0.3 to 1.3 particles/mm2 for primary wall CESAs

[9,21,22] and is much higher for secondary wall CESAs
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[12,17,23], might not correlate with the proximity of

individual CSCs, which has been observed to be

<50 nm in some Freeze Fracture Transmission Electron

Microscopy (FFTEM) images [24]. This raises the pos-

sibility that diffraction-limited FP-CESA particles do not

always correspond to individual CSCs, as supported by

splitting of multiple FP-CESA particles from a single

particle in some cases [25]. Additionally, FP-CESA

photobleaching experiments, combined with statistical

analysis to extract discrete bleaching steps from the noisy

data that arise from fluctuations in fluorescence among

many FPs per particle, estimate at least ten FPs per FP-

CESA3 particle [26], a number that contradicts current

models, based on quantitative immunoblotting, FFTEM,

and computational predictions of CESA structure, that

depict the CSC as a ‘hexamer of trimers’, containing six

molecules of each isoform [27–29]. Additional structural

data and/or quantitative imaging experiments will be

required to resolve this incongruity.

CESA particle delivery rate (events/mm2/h) to the plasma

membrane has been quantified using Fluorescence

Recovery After Photobleaching (FRAP) analysis wherein

the appearance of new FP-CESA particles in a bleached

region is tracked over time, and has recently been shown

to depend on the exocyst complex, PATROL1, and

CELLULOSE SYNTHASE INTERACTING1 (CSI1)

[16��]. FP-CESA particle endocytosis [21,30,31], on the

other hand, is more difficult to reliably observe, since it

involves the disappearance of a signal, which could also

occur due to photobleaching or microscope drift. Using

delivery rate and density values, the residence time of

FP-CESA particles at the plasma membrane (sometimes

incorrectly called ‘lifetime’, which more accurately refers

to the lifetime of a protein from its synthesis to its

degradation) can be calculated as (residence time = den-

sity/delivery rate), assuming that CSC exocytosis and

endocytosis rates are equal over the time of the imaging

experiment. Using this calculation, residence time has

been estimated to be �7 min for FP-CESA particles [32].

This contrasts with much longer estimates for CESA

protein lifetime as measured by quantitative immuno-

blotting after cycloheximide treatment [33�], implying

that CSCs can be delivered to the PM, endocytosed, and

re-delivered many times over the course of the protein’s

lifetime [34]. However, it is unknown whether CSCs

break apart and re-form over the course of recycling

events; analysis of photolabeled populations of FP-

CESAs tagged with photoconvertible FPs [35] might

provide insights into this question.

One fundamental mystery regarding cellulose synthesis is

whether a single cellulose microfibril, which is �3.5 nm in

diameter as measured by Atomic Force Microscopy

(AFM) [18�] and likely comprises 18–24 glucan chains

[3], arises from a single CSC or the concerted action of

multiple CSCs. This question becomes thornier during
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secondary wall synthesis, where many FP-CESA particles

have been observed moving together [12,17,23], possibly

generating ‘macrofibrils’ or microfibril bundles. Higher-

resolution imaging of these densely packed FP-CESA

particles might allow for better measurements of both

velocity and proximity, providing new insights into how

large amounts of cellulose are deposited over a short time

during secondary wall formation.

Matrix polysaccharide synthesis and delivery
to the wall
There are very many matrix polysaccharide-synthesizing

enzymes [36,37], and some of them exist in heteromeric

complexes [38,39]. Although the stoichiometry of some of

these complexes has been determined [38], the composi-

tion of many putative complexes remains undefined [39].

Quantitative co-IP experiments [38], and potentially

quantitative photobleaching [26], might shed light on

the composition of these complexes, although imaging

experiments will be complicated by the residence of

these complexes in motile Golgi that lie beneath the cell

surface. However, as recently debated for the mixed

linkage glucan (MLG) synthase CELLULOSE

SYNTHASE-LIKE 6 (CSLF6) [40��,41], it is possible

that some matrix-synthesizing proteins exist and function

at both the Golgi and plasma membrane; FP-tagging and

quantitative imaging analyses of matrix-synthesizing pro-

teins, which have not been performed as thoroughly as for

CESAs, might further elucidate how matrix polysaccha-

ride synthesis is regulated.

The trafficking of matrix polysaccharides to the cell surface

is thought to be mediated by the default secretory pathway,

but some evidence points to distinct trafficking pathways

for pectins and hemicelluloses [4,42]. If the latter is the

case, it is not clear how matrix polysaccharides are sorted

into their respective trafficking routes, although persistent

associations with synthesizing enzymes might provide a

protein-based cargo signal. The delivery and apoplastic

dynamics of some matrix polysaccharides can be spatio-

temporally quantified (Figure 2) using a metabolic labeling

approach in which sugar analogs are fed to the seedling for a

defined time, then fluorescently labeled after their incor-

poration into wall polymers and delivery to the apoplast

[43,44��,45]. This approach enables the quantification of

matrix delivery rates, and has aided the dissection of matrix

trafficking pathways; for example, the FRAGILE FIBER1

(FRA1) kinesin and an associated importin-b have recently

been implicated in pectin delivery in Arabidopsis seedling

roots [46,47]. A key advance has been the application of

non-toxic click-labeling techniques [44��], opening the

possibility of monitoring matrix delivery in real time in

living cells. Matrixpolysaccharides at the innermost surface

of the cell wall can also be labeled by nanogold-tagged

Carbohydrate Binding Modules (CBMs) and imaged by

Field Emission Scanning Electron Microscopy (FESEM),

revealing the conformation and density of xyloglucan, for
www.sciencedirect.com
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Metabolic labeling of matrix polysaccharides. New matrix

polysaccharides synthesized in the Golgi (bottom) are delivered to the

cell surface by vesicles. After entering the apoplast (top), matrix

polysaccharides likely undergo changes in conformation, and interact

with cellulose microfibrils (gray, oriented in different directions in

adjacent wall layers [18�]) as they ‘age’ through successive wall layers

(oldest polymers are red, youngest polymers are violet). Polymers

across a range of ages can be metabolically labeled by adding

modified sugars for specific durations, then performing click

chemistry-based fluorescent labeling (note that they would appear all

the same color in fluorescent micrographs), or subsets of polymers of

a given age can be specifically labeled, then followed over

developmental time using pulse-chase experiments [43].
instance [48�]. The mechanical properties of this same

innermost wall layer can be quantified by AFM, revealing

for example how the crosslinking of pectins can stiffen or

soften the wall [18�].

Quantifying lignification in secondary walls
Lignification in secondary walls differs from polysaccha-

ride synthesis and delivery in that monolignol precursors

are thought to be transported to the apoplast, where they

are oxidized by enzymes such as peroxidases and laccases

and self-assemble into lignin polymers [2]. The localiza-

tion and mobility of FP-tagged peroxidases and laccases

was recently quantified by FRAP imaging [49��], showing

that these enzymes have low mobility as compared to FP

controls and suggesting that other wall components might

somehow immobilize these proteins, although exactly

which wall component(s) immobilize these proteins

remains undetermined. It will be interesting to combine

these data with the ability to label newly polymerized

lignins [50�,51��] using fluorescent monolignols [52] or

clickable monolignol analogs [53,54], which can also be

adapted for super-resolution microscopy, to further dis-

sect the extracellular regulation of lignin deposition in

plants.

Conclusions
A picture might be worth a thousand words, but it can also

contain a million data points. New strategies for capturing

and quantitatively analyzing FP-CESA imaging data have

the potential to uncover new behaviors related to
www.sciencedirect.com 
cellulose biosynthesis. Improved detectors with pho-

ton-counting capabilities [19], and new methods for fluo-

rescently labeling both synthetic enzymes [20,35] and

their products, allow for unprecedented quantitative anal-

yses of the nanoscale events that accomplish cell wall

assembly. Super-resolution microscopy promises to bring

optical microscopy closer in resolution to electron micros-

copy, bridging the gap between live cell and ultrastruc-

tural imaging. Together, quantitative imaging and ana-

lytical approaches promise to reveal many new aspects of

cell wall assembly in plants, providing us with a better

picture of the cellular construction sites at which peta-

grams of renewable biomaterials are made by plants each

year using mostly air, water, and sunlight.
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