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Cell walls define the shape of plant cells, controlling the extent and orientation of cell elongation, and hence organ growth.
The main load-bearing component of plant cell walls is cellulose, and how plants regulate its biosynthesis during
development and in response to various environmental perturbations is a central question in plant biology. Cellulose is
synthesized by cellulose synthase (CESA) complexes (CSCs) that are assembled in the Golgi apparatus and then delivered to
the plasma membrane (PM), where they actively synthesize cellulose. CSCs travel along cortical microtubule paths that
define the orientation of synthesis of the cellulose microfibrils. CSCs recycle between the PM and various intracellular
compartments, and this trafficking plays an important role in determining the level of cellulose synthesized. In this review, we
summarize recent findings in CESA complex organization, CESA posttranslational modifications and trafficking, and other
components that interact with CESAs. We also discuss cell wall integrity maintenance, with a focus on how this impacts

cellulose biosynthesis.

INTRODUCTION

Plant cell walls are dynamic structures that define the shape and
size of a plant cell, provide structural support to the plant body,
protect cells from pathogens, and serve as nodes of communi-
cation between the symplast and apoplast. Plant cell walls are
composed of several groups of polysaccharides including cel-
lulose, hemicelluloses, and pectins, as well as structural pro-
teins and phenolic compounds (lvakov and Persson, 2012;
Lampugnani et al., 2018). Cellulose, which consists of chains of
B-1,4-linked Gilc units, is synthesized at the plasma membrane
(PM) and organized into microfibrils, which are the main load-
bearing elements of cell walls. Native cellulose occurs primarily in
paracrystalline structures that form as a result of inter- and in-
trachain hydrogen bonding as well as van der Waals forces
(Saxena and Brown, 2005; Somerville, 2006; Nishiyama, 2009).
The paracrystalline structure facilitates the high mechanical
strength of a microfibril. Molecular simulations and freeze fracture
electron microscopy imaging techniques demonstrate that, dur-
ing extrusion, the microfibril undergoes a disordered amorphous
phase before crystallization. It has been hypothesized that the
initial disorganized zone of the forming microfibril allows for the
parallel orientation of a forming protofibril and accommodates
asynchronically synthesized glucan chains (Haigler et al., 2014).

Actively growing primary cell walls contain loosely connected
microfibrils organized perpendicularly to the axis of expansion,
which define the orientation of growth anisotropy (Green, 1962).
Microfibrils in thin, flexible primary cell walls are dynamic in
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structure to allow cell expansion in growing tissues (Anderson
etal., 2010). Their hydrophobic surfaces are bound to xyloglucan,
the most common type of hemicellulose, whereas pectins bind to
their hydrophilic surfaces and fill in spaces between microfibrils
(Cosgrove, 2016). The surprisingly minor growth defects of an
Arabidopsis mutant that lacks xyloglucans (Cavalier et al., 2008;
Park and Cosgrove, 2012) is not fully consistent with classic
“tether network” models of the plant primary cell wall in which the
xyloglucan chains act as tethers that bind to cellulose microfibrils
to form a load-bearing cellulose-xyloglucan network. Rather,
xyloglucans likely play a role primarily in microfibril spacing and
aggregation (Voxeur and Hofte, 2016; Xiao et al., 2016). Recent
atomic force microscopy studies show that microfibrils form short
lateral bundles and are arranged in areticulate network, rather than
being spaced and connected only through matrix polysaccharides
(Zhang et al., 2016a). The interfibril spacing between cellulose
microfibrils is ~20 nm, as determined by x-ray scattering analyses
(Ye et al,, 2018).

Cell growth is accomplished through cycles of wall relaxation,
resulting in decreased water potential, leading to water uptake and
increased turgor, which then again leads to wall relaxation. Cell
wall loosening takes place at least in part as a result of the non-
enzymatic activity of expansins, which mediate cell wall creep by
targeting hydrogen bonds within cellulose and/or between
microfibrils and matrix polysaccharides (McQueen-Mason and
Cosgrove, 1994, 1995). Pectin methyl-esterases also facilitate cell
wall loosening and subsequent growth if followed by the action of
enzymes such as pectate lyase and polygalacturonase (Pelloux
et al., 2007). Cell expansion and cellulose biosynthesis are gen-
erally tightly connected, though in some instances they can be
transiently uncoupled, such as during diurnal variations in growth
(lvakov et al., 2017). Upon cessation of growth, some cell types,
such as xylem vessels, fibers, or collenchyma, synthesize thick
secondary cell walls that contain more cellulose than primary cell
walls (Meents et al., 2018).
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In this review, we summarize recent findings in the field of
cellulose biosynthesis with a focus on the structure of primary and
secondary wall cellulose synthase (CESA) complexes (CSCs),
their assembly, and the modulation of their activity and in-
tracellular trafficking. We also discuss the role of cell-wall integrity
sensing on the regulation of cellulose biosynthesis. Several ex-
cellent recent reviews provide a more in-depth discussion of
cellulose structure and other aspects of cell wall synthesis, in-
cluding the transcriptional control of CESAs (Somerville, 2006;
Mutwil et al., 2008; Levesque-Tremblay et al., 2015; Park and
Cosgrove, 2015; Anderson, 2016, 2018; Cosgrove, 2016, 2018a,
2018b; Kumar et al., 2016a; Chebliand Geitmann, 2017; Hofte and
Voxeur, 2017; Lampugnani et al., 2018; Majda and Robert, 2018;
Saffer, 2018).

STRUCTURE OF CSCs

Cellulose microfibrils are synthesized by large, motile PM-
localized CSCs that are visualized as sixfold symmetrical ro-
settes. First reports noting “granules” associated with cell wall
microfibrils in various plant species started emerging together with
the development of electron microscopy (Brown, 1985). Freeze
fracture analyses of the Zea mays terminal complexes (so-called
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because they were found at the ends of cellulose microfibrils) and
intramembrane rosettes showed that they are associated with
cellulose microfibrils and led to a model in which complexes of
transmembrane proteins may be involved in cellulose bio-
synthesis (Mueller and Brown, 1980). Random sequencing of
cotton cDNAs and comparison to bacterial genes involved in
cellulose biosynthesis led to the identification of plant CESA genes
(Pear et al., 1996). The substrate for CESAs is uridine diphosphate
Glc (Verbancic et al., 2018), which is synthesized from the cyto-
solic invertase/uridine diphosphate Glc phosphorylase pathway
(Barnes and Anderson, 2018). The CESA proteins are composed
of a cytosolic N-terminal region involved in dimerization/oligo-
merization of CESA subunits (Kurek et al., 2002) followed by two
transmembrane domains, a large cytoplasmic central loop that
contains the substrate binding and catalytic regions, six additional
transmembrane domains (Sethaphong et al., 2013; Slabaugh
et al, 2014) and finally an intracellular C-terminal domain
(Figure 1A).

In Arabidopsis, CESA1, CESA3, and CESAG6-like proteins
(CESA2, CESA5, CESAB, and CESA9) are involved in primary wall
cellulose synthesis, whereas CESA4, CESA7, and CESAS8 par-
ticipate in secondary cell wall synthesis (Desprez et al., 2007;
Persson et al., 2007). Null mutations in CESA7 and CESAS3 are
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Figure 1. Schematic Representations of the Structure of a CESA Protein and a CSC.

(A) Domain structure of a CESA. The intracellular N-terminal domain contains a Zn binding domain and a variable region and is followed by two trans-
membrane domains. The large cytoplasmic central catalytic domain is divided into the conserved region, which flanks the plant-specific region on both
sides, the variable region(s), which includes the class-specific region, and the conserved region(s). The six subsequent transmembrane domains are
followed by the cytoplasmic C-terminal domain. CESA1 phosphorylations on various Ser and Thr residues are indicated (source: PhosPhAt 4.0, Zulawski
et al., 2013; and references in the text). Several cysteines in the cytoplasmic loop and within the C-terminal domain that are s-acylated in CESA7 (Kumar
2016b) are depicted in pink. C, cellulose chain; CR1, conserved region 1; CR2, conserved region 2; P-CR, plant-specifc region; S, Ser; T, Thr.

(B) A schematic representation of a CSC consisting of 18 individual CESA proteins. The model is consistent with the rules outlined by Hill et al. (2014) and
assumes that: a CSC is composed of six lobes that contain three CESA isoforms; the contacts between different isoforms is conserved; and the number of

CESAs in each lobe is divisible by three.

(C) A model of a cellulose microfibril consisting of five layers of cellulose chains in a “34443” arrangement (C = cellulose chain).
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lethal, indicating their indispensable role in the formation of
a functional CESA complex. Single cesa2, cesa5, cesab, or cesa9
mutants are viable, but cesa2 cesa5 cesab and cesa2 ces6 ces9
triple mutants are not, indicating partial redundancy among these
CESAgenes (Desprezetal.,2007; Persson et al., 2007). Formation
of a functional CSC in plants requires assembly of three different
CESA isoforms drawn from distinct classes. For example, primary
cell walls require CESA1, CESA3, and one additional isoform from
the CESAG6-like group. The regions defining these functional
classes vary among CESA paralogs but are relatively conserved
among their orthologs (Vergara and Carpita, 2001). The CESA4,
CESA?7,and CESAS8 genes are nonredundant and exhibit a varying
degree of class specificity as shown by varying levels of com-
plementation using chimeric domain swap constructs. In partic-
ular, CESA7 has the highest degree of class specificity as, for
example, none of the N-terminal domain swaps with CESA4 or
CESA8 complemented the cesa7 mutant, whereas the N-terminal
domain of CESA7 fused to CESA4 or CESAS is able to partially
complement the respective mutants (Kumar et al., 2017). A
complementary study by Hill et al. (2018) that implemented larger
domain swaps demonstrated that regions contributing to class
specificity vary among CESA isoforms. For example, CESA8
specificity is defined by the central cytosolic loop, but the spe-
cificities of CESA4 and CESA7 were attributed to the residues
within the C terminus. CESA functionalization occurs across
distant plant clades and in some cases has arisen through con-
vergent evolution (Norris et al., 2017).

The precise architecture of CSCs is becoming clearer. Initial
models suggested that CSC rosettes consist of a hexamer of
CESA hexamers (Herth, 1983; Doblin et al., 2002; Somerville,
2006). Though attractive, the concept of CSC containing 36 in-
dividual CESA subunits has been challenged on multiple occa-
sions. Many approaches, including atomic force microscopy,
wide angle x-ray scattering, small-angle neutron scattering
analyses, and computational simulations of cellulose microfibrils,
have coalesced on a model for a microfibril diameter of ~2.5 nm,
consistent with microfibrils consisting of 18-24 cellulose chains
(Fernandes et al.,2011; Newman et al., 2013; Thomas et al., 2013,
2015; Kuramae et al., 2014; Zhang et al., 2016a). In addition,
a recent modeling study that examined three different modes of
cellulose organization within an 18-chain microfibril demonstrated
that the “34443” model is the most probable arrangement, in
which the cellulose chains are stacked in the microfibril in an
arrangement of three chains, followed by four chains, etc., as
shown in Figure 1C (Kubicki et al., 2018). Analyses of primary cell
wall (CESA1, CESAS3, and CESAB) and secondary cell wall
(CESA4, CESA7, CESA8) CESA stoichiometry using coimmu-
noprecipitation (Co-IP), mass spectrometry (MS), and quantitative
immunoblotting demonstrated that each isoform occurs in
equimolar amounts (Gonneau et al., 2014; Hill et al., 2014). This
1:1:1 stoichiometry, together with the trimeric nature of CESA
proteins and analyses of microfibril width, suggests a model in
which CSC rosettes contain 18 CESA subunits that synthesize 18
glucan chains because a 24-subunit rosette is not divisible by six
(six lobes in a rosette) and then by three (number of CESA iso-
forms; Figure 1B; Hill et al., 2014). Consistent with this, improved
transmission electron microscopy images of CSCs from the moss
Physcomitrella patens combined with computational models

support the notion that CSCs are composed of 18 CESA subunits
(Nixon et al., 2016). However, CESA stoichiometry is not identical
forall plant species. Forexample, in the developing xylem of aspen
(Populus tremuloides), the stoichiometry of CESAs was 3:2:1 for
PtCESA8a/b:PtCESA4:PtCESA7a/b (Zhang et al., 2018). To de-
termine whether individual CESA subunits within a CSC play
equivalent roles in cellulose synthesis, a complementation study
was performed with catalytically inactive secondary cesa mutant
proteins that did not affect CSC assembly (Kumar et al., 2018).
Interestingly, not all CESA isoforms appeared to have equivalent
activity, with CESA8 being the most and CESA4 the least active.

Thedistinction of CESAs being involved in primary or secondary
wall synthesis is not as clear as once thought. During the transition
from primary cell wall to secondary cell wall formation, CSCs are
subject to remodeling and the primary cell wall CESA isoforms are
replaced by those involved in secondary cell wall synthesis. This
turnover was examined using transgenic Arabidopsis lines in
which protoxylem identity was ectopically activated through in-
ducible expression of VASCULAR-RELATED NAC-DOMAIN7
(Watanabe et al., 2018). During the transition, secondary cell wall
CESA7 was found to transiently coexist with primary cell wall
CESAG before its depletion from the PM and degradation in the
lytic vacuole. Both classes of CESAs colocalize with the distinct
cortical microtubule bands around the cell cortex (Watanabe et al.,
2015, 2018).

POSTTRANSLATIONAL REGULATION OF CSCs

Various posttranslational modifications play important roles in
regulating CESA function, and consequently affect cellulose
biosynthesis. For example, rapid proteolytic degradation plays
arole in controlling CESA abundance and activity (Rudolph et al.,
1989). Early reports estimated CSC half-life to be <30 min (Jacob-
Wilk et al., 2006). More recent direct measurements of the primary
cell wall CESA1, CESAS, and CESA6 degradation rates in vivo
indicate longer half-lives in etiolated Arabidopsis hypocotyls (Hill
etal., 2018). In this tissue, 80% of the primary cell wall CESAs are
still detectable 48 h after treatment with cycloheximide, which
blocks de novo protein synthesis. CESAs are more rapidly de-
graded in light-grown seedlings, with only ~20% remaining 48 h
after inhibition of protein synthesis. The longer half-lives of CESAs
in etiolated hypocotyls could be advantageous because this type
of morphogenesis requires higher rates of cell expansion and
hence increased rates of cellulose synthesis. By contrast, ele-
vated ambient temperatures, which also positively affect cell
expansion, increased the turn-over of CESAs (Hill et al., 2018).
Interestingly, destabilization of one CESA isoform leads to deg-
radation of the entire complex. Calculations of CESA lifetime at the
PM based on their density and insertion rates estimated their
residence time to be ~7-8 min (Sampathkumar et al., 2013). The
discrepancy between this rapid turnover at the PM and the much
longer overall protein stability of CESAs indicates that upon the
removal of CESA proteins from the PM, they do not undergo
immediate proteolysis but rather are subject to compartmentali-
zation and recycling.

Protein phosphorylation is the best-studied form of CESA
posttranslational modification (Speicher et al., 2018). CESA
phosphorylation occurs mostly at multiple residues within the



hypervariable regions in the N terminus and in the central cytosolic
loop (Figure 1A). A large number of these sites appear to be highly
conserved in CESA proteins across plant species (Nihse et al.,
2004; Speicher et al., 2018). Site-directed mutagenesis of a subset
of Ser/Thr residues of CESAs designed to mimic (S/T—D/E) or
block (S/T—A) their phosphorylation has revealed multiple roles
for CESA phosphorylation (Chen et al., 2010). For example,
phosphorylation of CESA7 has been linked to its degradation via
a 26S proteasome-dependent pathway (Taylor, 2007). CESA
phosphorylation plays a critical role in maintaining proper an-
isotropic cell expansion in hypocotyls and roots, at least partially
through differential effects on the interaction of CESAs with mi-
crotubules. Interestingly, some phosphosite mutants of CESA1 or
CESAB3 resulted in an asymmetry of CSC particle velocities along
cortical microtubules, in contrast with wild-type CESAs that travel
bidirectionally with equal velocities (Chen et al., 2010). A study of
primary cell wall CESAs in Arabidopsis suggests a link of phy-
tochrome to CESA phosphorylation (Bischoff et al., 2011). This
study found that the velocity of primary cell wall CSCs was de-
pendent on which CESA occupied the third position of the primary
cell wall CSCs in etiolated hypocotyls. Interestingly, CESA5-
containing CSCs displayed a significant increase in particle ve-
locity in response to red light treatment, and this difference was
abolished in a mutant version of CESA5 in which four phos-
phorylation sites in the N-terminal domain were mutated to
phosphomimics (Bischoffet al.,2011). This suggests that red light,
acting through phytochrome, likely modulates cellulose synthe-
sis at least in part by regulating phosphorylation of these residues.
Further, many CSC-associated proteins (Table 1) are also
phosphorylated, including KORRIGAN (KOR), POM-POM2/
CELLULOSE SYNTHASE-INTERACTIVE1 (POM2/CSI1), and
COMPANION OF CELLULOSE1 and 2 (CC1 and CC2) proteins
(Speicher et al., 2018).

The kinases that phosphorylate CESAs at these various resi-
dues are largely unknown. One exception is the BRASSINOSTEROID
INSENSITIVE (BIN2) protein kinase, which is involved in the re-
sponse to brassinosteroids (BR; Sanchez-Rodriguez et al., 2017).
Mutations blocking BR perception or synthesis, which result in
constitutive activation of BIN2, displayed reduced levels of
crystalline cellulose. In vitro kinase assays revealed that BIN2
phosphorylated a peptide derived from CESA1 at a residue cor-
responding to Thr-157 in the hypervariable domain. However,
a second residue must already be phosphorylated on the peptide
for efficient BIN2 phosphorylation. This priming is a common
feature of other Glycogen synthase kinase3 kinases and im-
plicates the involvement of partner kinase(s) in the regulation of
CESA by BIN2. Thr-157 phosphorylation is likely functionally
relevant, as a phosphonull mutation at this position in CESA1
abolished BIN2-dependent regulation of CESA activity. This
suggests that this phosphorylation of CESA1 by BIN2, together
with a second kinase, mediates the effects of BR on cellulose
biosynthesis, contributing to the role of BR in regulating cell
elongation.

Another type of reversible posttranslational modification
involves s-acylation in which a fatty acid, usually palmitate, is
attached to specific Cys residues via a thioester bond (Resh,
2006). The understanding of s-acylationin plants is limited but
it has been shown to affect protein association with
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membranes and to affect protein stability (Li and Qi, 2017).
Four cysteines in the variable region 2 (VR2) and C-terminal
domain of CESA7 have been identified that undergo s-acyl-
ation (Kumar et al., 2016b). Disruption of these CESA7 ac-
ylation sites via mutation of the target Cys residues results in
areduction of crystalline cellulose, likely as a consequence of
reduced trafficking of CESA from the Golgi to the PM (Kumar
et al., 2016b).

CESA ASSEMBLY AND CELLULAR TRAFFICKING

Live-cell imaging using fluorescently tagged CESAs in Arabi-
dopsis roots and hypocotyls reveal their presence in several
compartments: Golgi, intracellular vesicles of possibly heter-
ogenous nature, microtubule-associated vesicles in the cor-
tical region of the cell, and at the PM (Paredez et al., 2006;
Crowell et al., 2009; Gutierrez et al., 2009). The trafficking of
CSCsamong these locations within the cell plays amajorrole in
the regulation of cellulose synthesis (summarized in the model
in Figure 2). The first report of CSC rosettes in the Golgi ap-
paratus in vascular plants came from the electron microscopy
studies on mesophyll cells in Zinnia elegans in suspension
cultures (Haigler and Brown, 1986). During their differentiation
into tracheary elements, the trans face of the Golgi dictyoso-
mesas well as the post-Golgi vesicles and protoplasmic
fracture of the PM in freeze fracture contained the character-
istic rosettes that were interpreted to be CSCs. The trans-Golgi
network/early endosome (TGN/EE) compartment has been
implicated in protein sorting and as a hub of plant exocytosis
and endocytotic pathways (Viotti et al., 2010; Rosquete et al.,
2018). The Golgi-localized STELLO1 and 2 (STL1/2) proteins
regulate cellulose synthesis likely by controlling the assembly
of CESA CSCs in the Golgi (Zhang et al., 2016b). The st/ stl2
mutants are hypersensitive to isoxaben (a cellulose bio-
synthesis inhibitor), have thinner secondary cell walls, and
decreased levels of primary and secondary cell wall cellulose.
Further, these mutants display a range of defects in the be-
havior of CESAS, including reduced velocity, reduced insertion
into the PM, and a change in its distribution in the Golgi. STL
proteins contain a domain with homology to glycosyl-
transferase family75 that faces the Golgi lumen and thus has
the potential to interact with the Golgi-localized CESAS3. These
results are congruent with a role of STL proteins in accurate
CSC assembly in the Golgi apparatus.

The delivery of CSCs to the PM plays an important role in the
regulation of cellulose synthesis. Cortical microtubules (CMTs)
play a role in defining the PM delivery sites for CESAs. Two
laboratories identified CMT-associated vesicles that contained
microtubule-associated CESA compartments (MASCs) or
small CESA compartments (SmaCCs) and demonstrated that
CESA insertion sites are not random, but rather colocalize with
CMTs (Crowell etal., 2009; Gutierrez et al., 2009). Furthermore,
CESA delivery to the PM coincided with the colocalization of
both Golgi bodies and microtubules below the cell cortex
(Crowell etal.,2009). The exocyst complex has beenimplicated
inthe delivery of CESAto the PM (Zhu et al., 2018). The exocyst
is a multisubunit assembly that plays a role in a plethora of
developmental events that depend on cellular processes
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Table 1. CESA Interacting Proteins

Protein Putative role Partner CESA Method?® Reference

KORRIGAN  Cellulose synthesis and CSC trafficking CESA1 Gel filtration, (Vain et al., 2014)
CESA3 Split-ubiquitin for membrane proteins, (Zhu et al., 2018)
CESA6 BiFC, (Mansoori et al., 2014)
CESA4 GFP-TRAP/MS,
CESA8 Y2H

CC1/2 Cellulose synthesis during salt stress CESA1 Split-ubiquitin assay in yeast (Endler et al., 2015)
CESA3
CESA6

POM2/CSI1  CSC-CMT interaction; formation of CESA1 Y2H, GST pull-down (Gu et al., 2010)

SmaCCs/MASCs; CSC trafficking CESA3 (Lei et al., 2015)

CESA6

AP2M/p2 CSC endocytosis CESA1 Split-ubiquitin Y2H, (Bashline et al., 2013)
CESA3 GST pull-down
CESA6

Sec5B CSC exocytosis CESA6 Y2H, (Zhu et al., 2018)

Sec10 GFP-TRAP/MS

Sec6

Sec15B

Sec8

Sec3A

Exo84B

Exo70B1

Exo70A1

PTLA

TML CSC endocytosis CESA6 Co-IP, BiIFC (Sanchez-Rodriguez et al., 2018)

TPLATE

BIN2 CESA phosphorylation; regulation of CESA1 in vitro protein kinase assay (Sanchez-Rodriguez et al., 2017)

CESA activity

SHOU4 CSC exocytosis CESA1 Y2H, Co-IP (Polko et al., 2018)
CESA3
CESA6

aThe methods shown are not necessarily for all the partner CESAs indicated. BIFC, bimolecular fluorescence complementation; Co-IP, co-

immunoprecipitation; GST, glutathione S-transferase; Y2H, yeast two-hybrid.

involving vesicular trafficking, cytokinesis, protein re-
cycling, or cell polarity establishment (Zarsky et al., 2013).
POM2/CSI1 and CESAB both interact with multiple subunits
of the exocyst complex (Zhu et al., 2018). Moreover, POM2/
CSI1 interacts with the PATROL1 (PTL1) protein, which was first
identified by its role in the trafficking of AHA1, an H*-ATPase, to
the PM of guard cells (Hashimoto-Sugimoto et al., 2013). PTL1
was also found to interact with Sec-10 and colocalize with
Sec5B, both subunits of the exocyst complex (Zhu et al., 2018).
Disruption of PTL1 resulted in impaired expansion of roots and
hypocotyl cells, decreased cellulose levels, and slower CESA
delivery rates to the PM. The pt/1 and pom2/csi1 mutations
have an additive effect on several phenotypes, suggesting
thatthey actin anonlinearmanner. A detailed sequential analysis
of POM2/CSI1, CESA, and PTL cellular dynamics demonstrated
that during CESA exocytosis, POM2/CSI1 appears first at
the PM, followed by the tethering of CESAs accompanied by
PTL1 and Sec5B. Based on these results, the authors proposed
an elegant model in which POM2/CSI1 serves as a landmark for
the CMT-marked insertion of CESA-containing exocytotic
vesicles, with PTL1 priming the fusion of these vesicles (Zhu
et al., 2018).

The paralogous SHOU4 and SHOU4L genes also play an impor-
tantrole in regulating exocytosis of CESAs (Polko et al., 2018). SHOU4
was identified in a suppressor screen of the cellulose-deficient fei
fei2 mutant. The shou4 shou4l double mutants display a range of
phenotypic defects including dwarfism, partial infertility, twisted
growth of the roots, and impaired development of root hairs. The
phenotypes are either absent or much milder in the respective single
mutants, indicating functional redundancy. Interestingly, treatment of
shou4 shou4l seedlings with low levels of isoxaben restored root hair
growth and reverted root twisting, suggesting that these phenotypes
result from excess cellulose in the mutant. Seed coat mucilage of
shou4 shou4l mutants is characterized by increased levels of cel-
lulose staining. Consistent with this, shou4 shou4l mutants display
elevated CESA density at the PM due to enhanced exocytosis. This
increased PM-localized CESA resulted in an increase in the level of
amorphous cellulose, but wild-type levels of crystalline cellulose.
SHOU4 and SHOUA4L directly interact with CESAs. Further, SHOU4 is
haplo-insufficient, which indicates that the levels of SHOU4 are
critical to its function. These results suggest a model in which SHOU4
acts as a “counter” of CESA levels at the PM, with the complex
generating a negative feedback signal that regulates CESA exo-
cytosis to maintain optimal levels of cellulose biosynthesis.
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Figure 2. A Cartoon of CSC Trafficking and the Other Components of the CSC Machinery.

CSCs are assembled in the Golgi apparatus where they physically interact with STL proteins that assist their assembly and distribution in the Golgi. CSCs
move through the TGN and follow the exocytosis route to the PM, where their insertion sites coincide with the pausing of the Golgi along the CMTs. The
insertion of CSCs in the PMis preceded by POM2/CSI1, the exocyst complex, and PTL, which are required for CSC delivery. The CESA-interacting proteins
SHOUA4/4L negatively affect CSC exocytosis. POM2/CSI1 proteins also act as linkers between CSCs and CMTs and are necessary for the formation of
SmaCCs/MASCs. The CC1 and CC2 belong to the CSCs, associate with SmaCCs/MASCs under salt stress and mediate the CMT and CSC dynamics,
allowing for their recovery. CMU proteins regulate proper CMT spacing during cellulose biosynthesis. KOR is a component of CSCs required for optimal
cellulose biosynthesis and COB is necessary for proper microfibril orientation. The SOS5 and FEI1/2 leucine-rich repeat-RLKs mediate cellulose bio-
synthesis and CrRLK1L THE1 inhibits cell expansion upon perturbation of cellulose biosynthesis. CSCs undergo CME that requires the AP2 complex and
TPLATE complex members such as TWD40-1, TPLATE, and TML. The endocytosed CSCs may undergo recycling back to the PM or might be targeted for

degradation.

The trafficking of CESAs from the TGN/EE may also be affected
by pH. The BR-insensitive mutant det3, which encodes the C
subunit of the V-ATPase (Schumacher et al., 1999), causes an
increase in the pH of the TGN/EE, which reduces its motility and
impairs the delivery of CESA3 to the PM (Luo et al., 2015). The
exact mechanism through which pH affects CESA secretion re-
mains to be identified but the authors hypothesize that the en-
domembrane pH may affect the secretion of CESA (and other
cargos) from the Golgi via effects on cargo processing or vesicle
tethering (Luo et al., 2015). A small Golgi-localized GTPase, Rab-
H1B, also affects CESA exocytosis and cellulose biosynthesis (He
et al., 2018). The rab-h1b mutant, which has increased CESA
density at the PM, exhibits reduced levels of general endocytosis,
though paradoxically decreased secretion of CESA from the

Golgi. This is consistent with the notion that membrane trafficking
in plants is a complex process and that disruption of one aspect
likely has ripple effects on the entire system (Paez Valencia et al.,
2016; Kanazawa and Ueda, 2017).

CSCsareinternalized via clathrin-mediated endocytosis (CME),
one of the best-studied endocytotic processes in plants (Paez
Valencia et al., 2016). The Arabidopsis CESAs are cargo proteins
of CME (Bashline et al., 2013). The medium subunit of the het-
erotetrameric CME adaptor protein2 (AP2) complex (AP2M,
previously referred to as “n2”) directly interacts with central do-
mains of CESA3 and CESA6. The ap2m-1 mutants show reduced
endocytosis and, as a result, have increased levels of CESA
density at the PM. Surprisingly, the higher CESA abundance does
not lead to any changes in CSC particle velocity or cellulose
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content (Bashline et al., 2015). Further, ap2m-1 mutants display
increased elongation of primary roots and etiolated hypocotyls,
but reduced sizes of rosettes, inflorescences, and siliques
(Bashline et al., 2013). In line with these observations, TWD40-2,
amember of the large adaptor TPLATE complex, has a critical role
in CESA endocytosis (Bashline et al., 2015). The twd40-2 mutants
display additive phenotypes with ap2m-1, including increased
CESA particles at the PM, decreased cellulose content, and
further reductions in organ size as compared with single twd40-2
and ap2m-1 mutants. Surprisingly, the twd40-2 mutant displays
reduced elongation of etiolated hypocotyls, as opposed to the
increased hypocotyl elongation of the ap2m mutant. The re-
duction in cellulose content in these mutants with reduced CESA
endocytosis has been hypothesized to be the result of over-
accumulation of nonfunctional CSCs at the PM. The increased
elongation of hypocotyl and root cells in the ap2m-1 mutant could
be the result of increased anisotropic cell expansion from
a modest increase in CESA density, but perhaps the twd40-2
mutant has a more substantial effect on functional CESA levels
such that it interferes with proper microfibril crystallization. In
addition to TWD40-2, other members of the TPLATE complex,
including TPLATE complex muniscin-like protein (TML) and
TPLATE, interact with CESAs to mediate their endocytosis; these
elements may also be involved in early CSC cargo recognition in
plants (Sanchez-Rodriguez et al., 2018). The phosphatidylinositol
kinases PI3K and PI4K mediate CESA trafficking, though they
have distinct effects: PI3K is involved in the regulation of CME-
mediated endocytosis of CESAs whereas PI3K plays a role in the
exit of CESAs from the Golgi apparatus (Fujimoto et al., 2015).

Endocytosed CSCs are either degraded or recycled back to
the cell surface. Isoxaben-induced disruption of cellulose bio-
synthesis or exposure to changes in osmoticum leads to the
depletion of CESA particles from the PM and the formation of
SmaCCs/MASCs (Crowell etal.,2009; Endleretal.,2015; Leietal.,
2015; Worden et al., 2015). In addition to interacting with mi-
crotubules, POM2/CSI1 mediates the formation of SmaCCs/
MASCs (Lei et al., 2015), with the multifunctional C2 domain of
POM2/CSI1 colocalizing with isoxaben-induced SmaCCs/
MASCs that are formed likely as aresult of endocytosis. Moreover,
SmaCCs/MASCs are almost undetectable in pom2/csi1 mutants.
The recovery of PM CESA localization after isoxaben treatment
requires functional POM2/CSI1 protein (Lei et al., 2015). This in-
dicates that SmaCCs/MASCs could function as a reservoir of
CESAs during stress responses, but it remains to be determined if
the internalized CESAs need to first pass through the TGN/EE
pathway or can be delivered directly to the cell surface.

CSC trafficking is also important during cytokinesis in plants, in
which anew cell wallis formed de novo (Samuels et al., 1995). Live-
cell imaging experiments of dividing cells in Arabidopsis roots
show that CESAs are delivered in different stages during cell plate
formation. First, primary cell wall CESAs localize to the phrag-
moplast as early as during the formation of the tubulo-vesicular
network (Chen et al., 2018). This is accompanied by cellulose
deposition as shown by Pontamine Fast Scarlet S4B staining and
immunocytochemistry with CBM3a (a bacterially derived carbo-
hydrate binding module that specifically recognizes crystalline
cellulose; Blake et al., 2006) detection of crystalline microfibrils
(Miart et al., 2014). Next, CESAs are delivered to the forming cell

plate both from the neighboring Golgi bodies and directly from the
PM of the mother cell. Finally, the CESAs are removed from the
central zone of the cell plate by a clathrin-mediated process and
from the membrane of the mother cell and then delivered to the
periphery of the forming cell plate. This last stage has been hy-
pothesized to contribute to the growth of the cell plate at the
peripheral zone (Miart et al., 2014). Field-emission-scanning mi-
croscopy experiments showed that cellulose microfibrils in newly
formed cell walls of diving cells in Arabidopsis inflorescence stems
do not have a predominant orientation, but rather form meshwork-
like structures (Fujita and Wasteneys, 2014).

ADDITIONAL CSC-INTERACTING COMPONENTS

One of the best-studied aspects of CSC biology is their interaction
with CMTs. The relationship between cellulose microfibrils and
CMTs was noted in a theoretical article that presented a model in
which CESAs could move in the PM along the tracks defined by
microtubules (Heath, 1974). The association of microfibrils with
the CMTs has been found in multiple studies (Ledbetter and
Porter, 1963; Fisher and Cyr, 1998; Gardiner et al., 2003) but
remained controversial because some findings showed that they
do not always coalign (Emons, 1982; Emons and Wolters-Arts,
1983) and that microfibrils could still be deposited correctly even
after disruption of MTs (Himmelspach et al., 2003; Sugimoto et al.,
2003). The demonstration that fluorescently labeled CESA par-
ticles on the PM moved precisely along the CMT tracks provided
strong support for a role of CMT in the direction of CESA
movement (Paredez et al., 2006).

The relationship between CMTs and CESAs was further
strengthened by the identification of the POM2/CSI1 gene. POM2/
CSI1 was initially discovered in a genetic screen for root elon-
gation mutants (Hauser et al., 1995) and subsequently found to be
coexpressed with the primary cell wall CESA genes (Persson et al.,
2005). POM2/CSI1 interacts with the large central domain of
primary cell wall CESAs and regulates their velocity at the PM (Gu
et al., 2010; Bringmann et al., 2012; Li et al., 2012). POM2/CSI1
binds microtubules, moves along CMT trajectories, and regulates
the CESA-CMT coalignment (Bringmann et al., 2012; Li et al.,
2012). Similar to POM2/CSI1, its paralog, CSI3, also associates
with CESAs and CMTs. CSI3 regulates cellulose biosynthesis in
a POM2/CSl1-dependent manner as pom2/csi1 loss-of function
affects CSI3 velocity. These results indicate that while POM2/
CSI1 is a key link between CESAs and CMTs, CSI3 may play an
auxiliary scaffolding role in regulating CESA velocity (Lei et al.,
2013).

A recent study employed a combination of near-total internal
reflection fluorescence microscopy and automated CSC particle
tracking to demonstrate that the velocity of CSCs is independent
of their proximity to CMTs (Woodley et al., 2018). Further, dis-
rupting microtubule polymerization could either decrease (or-
yzalin) or increase (mor1 mutant) CSC speed and these effects of
microtubule dynamics were likely independent of CESA catalytic
activity. These results suggest that the role of CMTs in regulating
CSC speed is complex and independent of a direct interaction.

Multiple additional proteins have been identified that directly
interact with CESAs (Table 1) and/or play a role in CESA function.
For example, KOR, an endo-3-1,4-endoglucanase, has been



shown to play an important role in cellulose biosynthesis in
multiple plant species (Nicol et al., 1998; Bhandari et al., 2006;
Maloney et al., 2012; Xie et al., 2013). The kor-1 mutants display
reduced CESA velocity, suggesting that KOR is required for op-
timal cellulose biosynthesis (Vain et al., 2014). KOR directly in-
teracts with CESA likely in a transient manner and may be required
foruntangling of the newly formed glucan chains (Vain et al.,2014).
The kor1-3 allele, which was identified based on hypersensitivity
to the microtubule destabilizing drug oryzalin, affects cortical
microtubule organization, as did treatment with isoxaben
(Paredez et al., 2008). This further supports the long-standing
hypothesis that there is feedback between CMTs and cellulose
microfibrils/CESAs (Fisher and Cyr, 1998; Peng et al., 2013;
Worden et al., 2015).

The CMT-interacting CELLULOSE SYNTHASE MICROTUBULE
UNCOUPLING (CMU) proteins are necessary for proper CMT
spacing during cellulose synthesis (Liu et al., 2016). The cmu1
cmu2 mutants display lateral instability of microtubules and
uncoupling of CESAs from the microtubules. This results in in-
stability of CESA movement, which deviates from the mostly
straight trajectories observed in wild-type hypocotyls and is re-
stored by disruption of microtubule organization by oryzalin. The
lateral displacement of microtubules was also abolished after
treatment with isoxaben. Based on these findings, the authors
proposed a model in which CMU proteins allow the CMTs to
withstand the forces generated by CSC movement (Liu et al.,
2016).

Glycosyl phosphatidylinositol (GPI)-anchored proteins such as
COBRA (COB) or SALT-OVERLY SENSITIVES (SOS5)/FASCICLIN-
LIKE PROTEIN4 also regulate cellulose biosynthesis. COB was
initially identified in a genetic screen for root tip mutants with
defects in anisotropic cell expansion (Benfey et al., 1993) and was
later shown to regulate the orientation of cellulose microfibrils
(Roudier et al., 2005). Phylogenetically, COB belongs to a large
family whose members are expressed throughout development in
both dicots and monocots and whose expression can be regu-
lated by environmental stimuli (Roudier et al., 2002; Brady et al.,
2007). COB localizes mostly to the longitudinal walls of elongating
root cells and its distribution was altered upon inhibition of CMTs
(Roudier et al., 2005). COB is detected in multiple cellular com-
partments, including the Golgi, possibly secretory vesicles, and
the apoplast at different distances from the PM, the latter sug-
gesting that COB is cleaved. Consistent with this, the GPI anchor
was found to be cleaved from maize Brittle Culm1 (BC1), a COB-
like protein, and the cleaved protein released into the cell wall (Liu
et al., 2013). BC1 possesses a carbohydrate binding module that
interacts specifically with crystalline cellulose, and modulation of
BC1 function alters microfibril crystallinity. These results suggest
that COB acts in the assembly of cellulose microfibrils at least in
part by modulating cellulose crystallinity.

COBL2 has been shown to regulate crystalline cellulose de-
position in Arabidopsis seed coat mucilage secretory cells (Ben-
Tovetal., 2015). Though mucilage is primarily composed of pectin
(Willats et al., 2001; Voiniciuc et al., 2015), cellulose also plays an
important structural role in regulating mucilage adherence to the
seed surface, with CESA3 and CESAS being the key players in this
process (Harpaz-Saad et al., 2011; Mendu et al., 2011; Sullivan
et al., 2011; Griffiths et al., 2015; Ben-Tov et al., 2018). CESA3,
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CESA5, and CESA10 have been shown to localize around the
columella of the seed coat epidermal cells in a unique coiled
pattern. Upon mucilage extrusion, the cellulosic rays “unwind” in
a counterclockwise manner (Griffiths et al., 2015). The biology of
seed coat mucilage structure, function and formation has been
discussed recently in several excellent reviews (Francoz et al.,
2015; Voiniciuc et al., 2015; Griffiths and North, 2017; Golz et al.,
2018).

CELLULOSE AND PLANT CELL WALL INTEGRITY
MAINTENANCE

Similar to yeast, plant cells monitor changes in cell wall integrity
(CWI) and in turn signal back to regulate cell wall synthesis, in-
cluding cellulose synthesis (Humphrey et al., 2007; Steinwand and
Kieber, 2010; Wolf et al., 2014; Hofte, 2015; Wolf, 2017; Polko
et al., 2018). An early clue regarding plant CWI sensing mecha-
nisms originated from the observation that tomato (Solanum ly-
copersicum) cell cultures adapted to the presence of the cellulose
synthesis inhibitor, 2,6-dichlorbenzonitrile, and could grow de-
spite the fact that they synthesize virtually no cellulose (Shedletzky
etal., 1990). Ectopic lignification is commonly induced in response
to reduced cellulose synthesis in multiple tissues, supporting the
idea that plant cell wall remodeling is an active process (Cafio-
Delgado et al., 2003; Xu et al., 2008; Bischoff et al., 2009; Denness
et al., 2011). The mechanism underlying CWI maintenance likely
requires receptors that sense changes in the cell wall. Recent
studies suggest that decreased cellulose biosynthesis results in
an active inhibition of cell expansion, mediated in part through
a wall sensing system. Receptor-like kinases (RLKs) from several
distinct clades have been proposed to be involved in cell wall
sensing (Steinwand and Kieber, 2010; Wolf and Hofte, 2014; Wolf,
2017). Loss-of-function mutations in THESEUS (THET), which
encodes a member of the Catharanthus roseus protein kinase-1-
like (CrRLK1L) family, suppress growth defects and gene expres-
sion changes in cellulose-deficient mutants, such as cesa6”®’,
without restoring wild-type cellulose levels (Hématy et al., 2007).
Several other CrRLK1L family members, including FERONIA (FER),
CURVY1, HERCULES1/2, ANXUR1/2 (ANX1/2), and ERULUS
have also been implicated in regulating cell expansion, cell wall
sensing, and cell wall synthesis (Wolf, 2017).

CrRLK1L proteins are composed of an extracellular N-terminal
domain with two tandem malectin-like domains, which may bind
to cellwall carbohydrates (Schallus et al., 2008; Nissen et al., 2016;
Du et al., 2018), a single transmembrane domain, and a cytosolic
Ser/Thrkinase domain. The growth defects in cesa6°©? have been
proposed to reflect an active response of cells to decreased
cellulose and the perception and/or signaling of the reduced
cellulose to be mediated by THE1 (Hématy et al., 2007). A novel,
hypermorphic allele of THET has been recently characterized (Guo
et al., 2009; Merz et al., 2017). This the1-4 allele is a T-DNA in-
sertion that results in the production of a truncated THE1 protein
lacking the kinase domain. In contrast with the hypomorphic
the1-3 allele, the1-4 enhanced the effects of reduced cellulose
biosynthesis, suggesting that this mutant protein activates THE1
signaling. This suggests that, similar to other RLKs such as FEI1
and FER, kinase activity is not always essential for signal acti-
vation, but rather kinase activity actually attenuates THE1
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signaling. THE1 also acts as a receptor for the rapid alkalinization
factor (RALF)34 peptide (Gonneau et al., 2018), similar to FER,
ANX1/2, and BUDDHA's PAPER SEAL1/2, which also bind RALF
peptide ligands (Haruta et al., 2014; Ge et al., 2017; Stegmann
et al., 2017). THE1/RALF34 signaling regulates lateral root initi-
ation, suggesting that THE1 may integrate CWI with growth and
development (Gonneau et al., 2018). FER is perhaps the best-studied
member of the CrRLK1L family and is involved in multiple pathways,
including pollen tube reception in the female gametophyte, root hair
development, and BR and ethylene signaling (Huck et al., 2003;
Escobar-Restrepo et al., 2007; Deslauriers and Larsen, 2010; Ngo
etal.,2014;Yuetal.,2014). FERis required to maintain CWIduring salt
stress through binding to pectin and by inducing Ca?* transients that
are necessary for cell acclimation to salt stress (Feng et al., 2018).
Related CrRLK1L family members, such as ANX1 and 2, have also
been linked to cell wall synthesis, though they appear to primarily
affect pectin synthesis (Nissen et al., 2016).

FEI1 and FEI2 are leucine-rich repeat RLKs that regulate cell wall
synthesis in various contexts and have been implicated in cell wall-
related signaling. Double fei7 fei2 mutants display reduced growth
anisotropy that is associated with reduced cellulose biosynthesis
as determined by assays measuring incorporation of #C Glc into
cellulose in roots (Xu et al., 2008; Basu et al., 2016). Root swelling
in fei1 fei2 mutants is suppressed by inhibitors of the ethylene
precursor 1-aminocyclopropane-1-carboxylic acid, but not by
inhibitors of ethylene signaling or by genetic disruption of ethylene
perception (Xuetal.,2008). Thefei1 fei2 phenotypeis also reverted
by mutations in auxin biosynthesis genes, which are also able to
partially suppress other cellulose-deficient mutants such as ce-
sa6br’-1, cob, and sos5, providing a link between auxin signaling
and cell wall function (Steinwand et al., 2014). Genetic analyses
indicate that the FEIs actin alinear pathway with SOS5 in roots (Xu
etal., 2008; Basu et al., 2016), though the interaction may be more
complex during cellulose synthesis in seed coat mucilage
(Griffiths et al., 2014, 2015, 2016).

Analysis of mutations in the arabinogalactan-protein-specific
galactosyltransferases GALT2 and GALTS5 reveals that they also
act in the SOS-FEI5 pathway and suggests that glycosylation of
SOS5 contributes to its function. The galt2, galt5, and galt2 galt5
mutants phenocopy sos5 and fei fei2 and display reduced levels
of cellulose biosynthesis (Basu et al., 2015, 2016). A functional flu-
orescently tagged SOSS5 is localized primarily to the PM in Arabi-
dopsis roots and is retained in the apoplast after plasmolysis (Xue
etal., 2017). The presence of the N-terminal fasciclin domain and the
GPlanchorof SOS5, as well as its N- and o-glycosylations, stabilize its
localization to the PM but are not essential for its function, which
mostly requires the soluble C-terminal fasciclin domain.

High exogenous Suc exacerbates many cell-wall-related
phenotypes, such as cesa6P’, pom-pom, cobra, sabre, sos5,
and fei1 fei2 (Hauser et al., 1995; Schindelman et al., 2001; Xu
et al., 2008; Basu et al., 2016). A recent study suggests a mech-
anism that might underlie this phenomenon (Yeats et al., 2016).
The shaven3 shaven3-like1 (shv3 svi1) double mutant displays
reduced hypocotyl elongation in darkness, specifically in the
presence of exogenous Suc. This is associated with lower CESA
velocities, reduction of cellulose content, and increased starch
content. Similarly, fer mutants have increased starch (Yang et al.,
2015). The Suc-dependent inhibition of hypocotyl elongation,

reduced levels of cellulose, and increased starch accumulation in
shv3svi1 were suppressed by amutationin SUCT, which encodes
a PM-localized Suc/H* symporter. This suggests that Suc accu-
mulation could trigger cell expansion defects. In support of this
hypothesis, both shv3 sviT and fer exhibit hyperpolarization of the PM
and overaccumulation of intracellular Suc. The overaccumulation of
Suc likely results in partitioning of carbon to starch rather than cel-
lulose. It has been hypothesized that SHAVEN3 and SHAVENS3-
LIKE3 and SVL1 are involved in signaling that coordinates proton
pump activity with cellulose biosynthesis (Yeats et al., 2016). In-
terestingly, high exogenous Suc was shown to result in a depletion of
CESA levels from the PM (Polko et al., 2018), perhaps linking the
hyperpolarization of the PM to CESA trafficking.

CONCLUSIONS AND OUTSTANDING QUESTIONS

Tremendous progress has been made in our understanding of the
mechanisms regulating cellulose biosynthesis and cell wall for-
mation. The cellulose microfibril has more subtlety than perhaps
was previously recognized. Details of its structure likely influence
how matrix polysaccharides interact with its distinctive hydro-
phobic and hydrophilic surfaces to form the strong, yet extensible
structure of primary cell walls. Wall extensibility may be controlled
at limited regions (“biomechanical hotspots”) where xyloglucans
interact with microfibrils. The role of individual CESAs in primary-
versus-secondary cell wall synthesis has been defined, as has the
requirement of multiple CESAs for a functional CSC. Recent
advances in this field include the first structures of bacterial and
plant CESAs and revised estimates of microfibril composition from
36 to 18 chains. The previous model of a CSC being composed of
a hexamer of hexamers has thus been replaced by a model with 18
to 24 subunits. The identification of new components of the CSC
and novel regulators of CSC trafficking has improved our un-
derstanding of its dynamics during development and in response to
exogenous cues, but undoubtedly additional components regu-
lating these processes remain to be identified. In particular, the role
of the posttranslational modifications of CESAs in regulating their
interaction with the trafficking machinery needs to be determined as
do the functions of most of the kinases involved in CESA phos-
phorylation. Additionally, how CESA density at the PM is monitored
has not been elucidated, nor have mechanisms directing subcellular
trafficking of the CSCs. Further, how these elements interact with
each other, and their role in different cell types and in response to
various environmental and developmental cues in the regulation of
CESA function and cell wall synthesis, are important questions to be
addressed. Additionally, the ligands for most of the RLKs involved in
CWI need to be defined and the crosstalk among the various cell-
wall sensing RLKs is key to understanding how the multiple inputs
are integrated to bring about a coherent response. Multidisciplinary
approaches that span areas of biochemistry, physics, genetics,
physiology, and cell biology are needed to propel the field forward.

ACKNOWLEDGMENTS

This work was supported by the National Science Foundation (NSF grant
10S 1456658 to J.J.K) and the Netherlands Organization for Scientific
Research (NWO Rubicon grant 825-13-018 to J.K.P.).



AUTHOR CONTRIBUTIONS

Both authors contributed equally to this work.

Received October 8, 2018; revised November 26, 2018; accepted January
9, 2019; published January 15, 2019.

REFERENCES

Anderson, C.T. (2016). We be jammin’: An update on pectin bio-
synthesis, trafficking and dynamics. J. Exp. Bot. 67: 495-502.

Anderson, C.T. (2018). Finding order in a bustling construction zone:
Quantitative imaging and analysis of cell wall assembly in plants.
Curr. Opin. Plant Biol. 46: 62-67.

Anderson, C.T., Carroll, A.,, Akhmetova, L., and Somerville, C.
(2010). Real-time imaging of cellulose reorientation during cell wall
expansion in Arabidopsis roots. Plant Physiol. 1562: 787-796.

Barnes, W.J., and Anderson, C.T. (2018). Cytosolic invertases con-
tribute to cellulose biosynthesis and influence carbon partitioning in
seedlings of Arabidopsis thaliana. Plant J. 94: 956-974.

Bashline, L., Li, S., Anderson, C.T., Lei, L., and Gu, Y. (2013). The
endocytosis of cellulose synthase in Arabidopsis is dependent on
w2, a clathrin-mediated endocytosis adaptin. Plant Physiol. 163:
150-160.

Bashline, L., Li, S., Zhu, X., and Gu, Y. (2015). The TWD40-2 protein
and the AP2 complex cooperate in the clathrin-mediated endocy-
tosis of cellulose synthase to regulate cellulose biosynthesis. Proc.
Natl. Acad. Sci. USA 112: 12870-12875.

Basu, D., Wang, W., Ma, S., DeBrosse, T., Poirier, E., Emch, K.,
Soukup, E., Tian, L., and Showalter, A.M. (2015). Two hydrox-
yproline galactosyltransferases, GALT5 and GALT2, function in
arabinogalactan-protein glycosylation, growth and development in
Arabidopsis. PLoS One 10: e0125624.

Basu, D., Tian, L., Debrosse, T., Poirier, E., Emch, K., Herock, H.,
Travers, A., and Showalter, A.M. (2016). Glycosylation of a fas-
ciclin-like arabinogalactan-protein (SOS5) mediates root growth
and seed mucilage adherence via a cell wall receptor-like kinase
(FEI/FEI2) pathway in Arabidopsis. PLoS One 11: e0145092.

Benfey, P.N., Linstead, P.J., Roberts, K., Schiefelbein, J.W.,
Hauser, M.T., and Aeschbacher, R.A. (1993). Root development
in Arabidopsis: Four mutants with dramatically altered root mor-
phogenesis. Development 119: 57-70.

Ben-Tov, D., Abraham, Y., Stav, S., Thompson, K., Loraine, A.,
Elbaum, R., de Souza, A., Pauly, M., Kieber, J.J., and Harpaz-Saad,
S. (2015). COBRA-LIKE2, a member of the glycosylphosphatidylinositol-
anchored COBRA-LIKE family, plays a role in cellulose deposition in
Arabidopsis seed coat mucilage secretory cells. Plant Physiol. 167:
711-724.

Ben-Tov, D., Idan-Molakandov, A., Hugger, A., Ben-Shlush, I.,
Ginl, M., Yang, B., Usadel, B., and Harpaz-Saad, S. (2018). The
role of COBRA-LIKE 2 function, as part of the complex network of
interacting pathways regulating Arabidopsis seed mucilage poly-
saccharide matrix organization. Plant J. 94: 497-512.

Bhandari, S., Fujino, T., Thammanagowda, S., Zhang, D., Xu, F.,
and Joshi, C.P. (2006). Xylem-specific and tension stress-responsive
coexpression of KORRIGAN endoglucanase and three secondary
wall-associated cellulose synthase genes in aspen trees. Planta 224:
828-837.

Bischoff, V., Cookson, S.J., Wu, S., and Scheible, W.R. (2009).
Thaxtomin A affects CESA-complex density, expression of cell wall

The Plant Cell 291

genes, cell wall composition, and causes ectopic lignification in
Arabidopsis thaliana seedlings. J. Exp. Bot. 60: 955-965.

Bischoff, V., Desprez, T., Mouille, G., Vernhettes, S., Gonneau, M.,
and Hoéfte, H. (2011). Phytochrome regulation of cellulose synthesis
in Arabidopsis. Curr. Biol. 21: 1822-1827.

Blake, A.W., McCartney, L., Flint, J.E., Bolam, D.N., Boraston, A.B.,
Gilbert, H.J., and Knox, J.P. (2006). Understanding the biological
rationale for the diversity of cellulose-directed carbohydrate-binding
modules in prokaryotic enzymes. J. Biol. Chem. 281: 29321-
29329.

Brady, S.M., Song, S., Dhugga, K.S., Rafalski, J.A., and Benfey, P.
N. (2007). Combining expression and comparative evolutionary
analysis. The COBRA gene family. Plant Physiol. 143: 172-187.

Bringmann, M., Li, E., Sampathkumar, A., Kocabek, T., Hauser, M.
T., and Persson, S. (2012). POM-POM2/CELLULOSE SYNTHASE
INTERACTING1 is essential for the functional association of cellu-
lose synthase and microtubules in Arabidopsis. Plant Cell 24:
163-177.

Brown, R.M., Jr. (1985). Cellulose microfibril assembly and orienta-
tion: Recent developments. J. Cell Sci. Suppl. 2: 13-32.

Caino-Delgado, A., Penfield, S., Smith, C., Catley, M., and Bevan,
M. (2003). Reduced cellulose synthesis invokes lignification and
defense responses in Arabidopsis thaliana. Plant J. 34: 351-362.

Cavalier, D.M., Lerouxel, O., Neumetzler, L., Yamauchi, K., Reinecke,
A., Freshour, G., Zabotina, O.A., Hahn, M.G., Burgert, I., Pauly, M.,
Raikhel, N.V., and Keegstra, K. (2008). Disrupting two Arabidopsis
thaliana xylosyltransferase genes results in plants deficient in
xyloglucan, a major primary cell wall component. Plant Cell 20:
1519-1537.

Chebli, Y., and Geitmann, A. (2017). Cellular growth in plants requires
regulation of cell wall biochemistry. Curr. Opin. Cell Biol. 44: 28-35.

Chen, H.-W., Persson, S., Grebe, M., and McFarlane, H.E. (2018).
Cellulose synthesis during cell plate assembly. Physiol. Plant. 164:
17-26.

Chen, S., Ehrhardt, D.W., and Somerville, C.R. (2010). Mutations of
cellulose synthase (CESA1) phosphorylation sites modulate aniso-
tropic cell expansion and bidirectional mobility of cellulose syn-
thase. Proc. Natl. Acad. Sci. USA 107: 17188-17193.

Cosgrove, D.J. (2016). Plant cell wall extensibility: Connecting plant
cell growth with cell wall structure, mechanics, and the action of
wall-modifying enzymes. J. Exp. Bot. 67: 463-476.

Cosgrove, D.J. (2018a). Nanoscale structure, mechanics and growth
of epidermal cell walls. Curr. Opin. Plant Biol. 46: 77-86.

Cosgrove, D.J. (2018b). Primary walls in second place. Nat. Plants 4:
748-749.

Crowell, E.F., Bischoff, V., Desprez, T., Rolland, A., Stierhof, Y.D.,
Schumacher, K., Gonneau, M., Hofte, H., and Vernhettes, S.
(2009). Pausing of Golgi bodies on microtubules regulates secretion
of cellulose synthase complexes in Arabidopsis. Plant Cell 21:
1141-1154.

Denness, L., McKenna, J.F., Segonzac, C., Wormit, A., Madhou, P.,
Bennett, M., Mansfield, J., Zipfel, C., and Hamann, T. (2011). Cell
wall damage-induced lignin biosynthesis is regulated by a reactive
oxygen species- and jasmonic acid-dependent process in Arabi-
dopsis. Plant Physiol. 156: 1364-1374.

Deslauriers, S.D., and Larsen, P.B. (2010). FERONIA is a key mod-
ulator of brassinosteroid and ethylene responsiveness in Arabi-
dopsis hypocotyls. Mol. Plant 3: 626-640.

Desprez, T., Juraniec, M., Crowell, E.F., Jouy, H., Pochylova, Z.,
Parcy, F., Hofte, H., Gonneau, M., and Vernhettes, S. (2007).
Organization of cellulose synthase complexes involved in primary
cell wall synthesis in Arabidopsis thaliana. Proc. Natl. Acad. Sci.
USA 104: 15572-15577.



292 The Plant Cell

Doblin, M.S., Kurek, I., Jacob-Wilk, D., and Delmer, D.P. (2002).
Cellulose biosynthesis in plants: From genes to rosettes. Plant Cell
Physiol. 43: 1407-1420.

Du, S., Qu, L.J., and Xiao, J. (2018). Crystal structures of the extra-
cellular domains of the CrRLK1L receptor-like kinases ANXUR1 and
ANXUR2. Protein Sci. 27: 886-892.

Emons, A.M.C. (1982). Microtubules do not control microfibril orien-
tation in a helicoidal cell wall. Protoplasma 113: 85-87.

Emons, A.M.C., and Wolters-Arts, A.M.C. (1983). Cortical micro-
tubules and microfibril deposition in the cell wall of root hairs of
Equisetum hyemale. Protoplasma 117: 68-81.

Endler, A., Kesten, C., Schneider, R., Zhang, Y., Ivakov, A.,
Froehlich, A., Funke, N., and Persson, S. (2015). A mechanism
for sustained cellulose synthesis during salt stress. Cell 162:
1353-1364.

Escobar-Restrepo, J.M., Huck, N., Kessler, S., Gagliardini, V.,
Gheyselinck, J., Yang, W.C., and Grossniklaus, U. (2007). The
FERONIA receptor-like kinase mediates male-female interactions
during pollen tube reception. Science 317: 656-660.

Feng, W., et al. (2018) The FERONIA receptor kinase maintains cell-
wall integrity during salt stress through Ca2+ signaling. Curr. Biol.
28: 666-675.€5.

Fernandes, A.N., Thomas, L.H., Altaner, C.M., Callow, P., Forsyth,
V.T., Apperley, D.C., Kennedy, C.J., and Jarvis, M.C. (2011).
Nanostructure of cellulose microfibrils in spruce wood. Proc. Natl.
Acad. Sci. USA 108: E1195-E1203.

Fisher, D.D., and Cyr, R.J. (1998). Extending the microtubule/mi-
crofibril paradigm. Cellulose synthesis is required for normal cortical
microtubule alignment in elongating cells. Plant Physiol. 116:
1043-1051.

Francoz, E., Ranocha, P., Burlat, V., and Dunand, C. (2015). Ara-
bidopsis seed mucilage secretory cells: Regulation and dynamics.
Trends Plant Sci. 20: 515-524.

Fujimoto, M., Suda, Y., Vernhettes, S., Nakano, A., and Ueda, T.
(2015). Phosphatidylinositol 3-kinase and 4-kinase have distinct
roles in intracellular trafficking of cellulose synthase complexes in
Arabidopsis thaliana. Plant Cell Physiol. 56: 287-298.

Fujita, M., and Wasteneys, G.O. (2014). A survey of cellulose mi-
crofibril patterns in dividing, expanding, and differentiating cells of
Arabidopsis thaliana. Protoplasma 251: 687-698.

Gardiner, J.C., Taylor, N.G., and Turner, S.R. (2003). Control of
cellulose synthase complex localization in developing xylem. Plant
Cell 15: 1740-1748.

Ge, Z., et al. (2017) Arabidopsis pollen tube integrity and sperm release are
regulated by RALF-mediated signaling. Science 358: 1596-1600.

Golz, J.F., Allen, P.J., Li, S.F., Parish, R.W., Jayawardana, N.U.,
Bacic, A., and Doblin, M.S. (2018). Layers of regulation—Insights
into the role of transcription factors controlling mucilage production
in the Arabidopsis seed coat. Plant Sci. 272: 179-192.

Gonneau, M., et al. (2018) Receptor kinase THESEUS1 is a rapid
alkalinization factor 34 receptor in Arabidopsis. Curr. Biol. 28:
2452-2458 e2454.,

Gonneau, M., Desprez, T., Guillot, A., Vernhettes, S., and Hoéfte, H.
(2014). Catalytic subunit stoichiometry within the cellulose synthase
complex. Plant Physiol. 166: 1709-1712.

Green, P.B. (1962). Mechanism for plant cellular morphogenesis.
Science 138: 1404-1405.

Griffiths, J.S., and North, H.M. (2017). Sticking to cellulose: Ex-
ploiting Arabidopsis seed coat mucilage to understand cellulose
biosynthesis and cell wall polysaccharide interactions. New Phytol.
214: 959-966.

Griffiths, J.S., Tsai, A.Y., Xue, H., Voiniciuc, C., Sola, K., Seifert, G.
J., Mansfield, S.D., and Haughn, G.W. (2014). SALT-OVERLY

SENSITIVE5 mediates Arabidopsis seed coat mucilage adherence
and organization through pectins. Plant Physiol. 165: 991-1004.
Griffiths, J.S., Sola, K., Kushwaha, R., Lam, P., Tateno, M., Young,
R., Voiniciuc, C., Dean, G., Mansfield, S.D., DeBolt, S., and
Haughn, G.W. (2015). Unidirectional movement of cellulose syn-
thase complexes in Arabidopsis seed coat epidermal cells deposit
cellulose involved in mucilage extrusion, adherence, and ray for-

mation. Plant Physiol. 168: 502-520.

Griffiths, J.S., Crepeau, M.J., Ralet, M.C., Seifert, G.J., and North,
H.M. (2016). Dissecting seed mucilage adherence mediated by FEI2
and SOS5. Front. Plant Sci. 7: 1073.

Gu, Y., Kaplinsky, N., Bringmann, M., Cobb, A., Carroll, A.,
Sampathkumar, A., Baskin, T.l., Persson, S., and Somerville,
C.R. (2010). Identification of a cellulose synthase-associated pro-
tein required for cellulose biosynthesis. Proc. Natl. Acad. Sci. USA
107: 12866-12871.

Guo, H., Li, L., Ye, H., Yu, X,, Algreen, A., and Yin, Y. (2009). Three
related receptor-like kinases are required for optimal cell elongation
in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 106: 7648-7653.

Gutierrez, R., Lindeboom, J.J., Paredez, A.R., Emons, A.M., and
Ehrhardt, D.W. (2009). Arabidopsis cortical microtubules position cel-
lulose synthase delivery to the plasma membrane and interact with
cellulose synthase trafficking compartments. Nat. Cell Biol. 11: 797-806.

Haigler, C.H., and Brown, R.M. (1986). Transport of rosettes from the
Golgi apparatus to the plasma membrane in isolated mesophyll
cells of Zinnia elegans during differentiation to tracheary elements in
suspension culture. Protoplasma 134: 111-120.

Haigler, C.H., Grimson, M.J., Gervais, J., Le Moigne, N., Hofte, H.,
Monasse, B., and Navard, P. (2014). Molecular modeling and im-
aging of initial stages of cellulose fibril assembly: Evidence for
a disordered intermediate stage. PLoS One 9: €93981.

Harpaz-Saad, S., McFarlane, H.E., Xu, S., Divi, U.K., Forward, B.,
Western, T.L., and Kieber, J.J. (2011). Cellulose synthesis via the
FEI2 RLK/SOS5 pathway and CELLULOSE SYNTHASES is required
for the structure of seed coat mucilage in Arabidopsis. Plant J. 68:
941-953.

Haruta, M., Sabat, G., Stecker, K., Minkoff, B.B., and Sussman, M.
R. (2014). A peptide hormone and its receptor protein kinase reg-
ulate plant cell expansion. Science 343: 408-411.

Hashimoto-Sugimoto, M., Higaki, T., Yaeno, T., Nagami, A., Irie,
M., Fujimi, M., Miyamoto, M., Akita, K., Negi, J., Shirasu, K.,
Hasezawa, S., and Iba, K. (2013). A Munc13-like protein in Arabi-
dopsis mediates H*-ATPase translocation that is essential for sto-
matal responses. Nat. Commun. 4: 2215.

Hauser, M.T., Morikami, A., and Benfey, P.N. (1995). Conditional
root expansion mutants of Arabidopsis. Development 121:
1237-1252.

He, M., Lan, M., Zhang, B., Zhou, Y., Wang, Y., Zhu, L., Yuan, M.,
and Fu, Y. (2018). Rab-H1b is essential for trafficking of cellulose
synthase and for hypocotyl growth in Arabidopsis thaliana. J. Integr.
Plant Biol. 60: 1051-1069.

Heath, L.B. (1974). A unified hypothesis for the role of membrane
bound enzyme complexes and microtubules in plant cell wall syn-
thesis. J. Theor. Biol. 48: 445-449.

Hématy, K., Sado, P.E., Van Tuinen, A., Rochange, S., Desnos, T.,
Balzergue, S., Pelletier, S., Renou, J.P., and Hoéfte, H. (2007). A
receptor-like kinase mediates the response of Arabidopsis cells to
the inhibition of cellulose synthesis. Curr. Biol. 17: 922-931.

Herth, W. (1983). Arrays of plasma-membrane “rosettes” involved in
cellulose microfibril formation of Spirogyra. Planta 1569: 347-356.

Hill, J.L., Jr., Hammudi, M.B., and Tien, M. (2014). The Arabidopsis
cellulose synthase complex: A proposed hexamer of CESA trimers
in an equimolar stoichiometry. Plant Cell 26: 4834-4842.



Hill, J.L., Jr., Josephs, C., Barnes, W.J., Anderson, C.T., and Tien,
M. (2018). Longevity in vivo of primary cell wall cellulose synthases.
Plant Mol. Biol. 96: 279-289.

Himmelspach, R., Williamson, R.E., and Wasteneys, G.O. (2003).
Cellulose microfibril alignment recovers from DCB-induced disrup-
tion despite microtubule disorganization. Plant J. 36: 565-575.

Hofte, H. (2015). The yin and yang of cell wall integrity control: Brassi-
nosteroid and FERONIA signaling. Plant Cell Physiol. 56: 224-231.

Hofte, H., and Voxeur, A. (2017). Plant cell walls. Curr. Biol. 27:
R865-R870.

Huck, N., Moore, J.M., Federer, M., and Grossniklaus, U. (2003).
The Arabidopsis mutant feronia disrupts the female gametophytic
control of pollen tube reception. Development 130: 2149-2159.

Humphrey, T.V., Bonetta, D.T., and Goring, D.R. (2007). Sentinels at
the wall: Cell wall receptors and sensors. New Phytol. 176: 7-21.

Ivakov, A., and Persson, S. (2012). Plant cell walls. In Encyclopedia of
Life Sciences, A.M. Hetherington, ed (Chichester, UK: John Wiley &
Sons), pp. 1-17.

Ivakov, A., Flis, A., Apelt, F., Fiinfgeld, M., Scherer, U., Stitt, M.,
Kragler, F., Vissenberg, K., Persson, S., and Suslov, D. (2017).
Cellulose synthesis and cell expansion are regulated by different
mechanisms in growing Arabidopsis hypocotyls. Plant Cell 29:
1305-1315.

Jacob-Wilk, D., Kurek, I., Hogan, P., and Delmer, D.P. (2006). The
cotton fiber zinc-binding domain of cellulose synthase A1 from
Gossypium hirsutum displays rapid turnover in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 103: 12191-12196.

Kanazawa, T., and Ueda, T. (2017). Exocytic trafficking pathways
in plants: Why and how they are redirected. New Phytol. 215:
952-957.

Kubicki, J.D., Yang, H., Sawada, D., O’Neill, H., Oehme, D., and
Cosgrove, D. (2018). The shape of native plant cellulose micro-
fibrils. Sci. Rep. 8: 13983.

Kumar, M., Campbell, L., and Turner, S. (2016a). Secondary cell
walls: Biosynthesis and manipulation. J. Exp. Bot. 67: 515-531.
Kumar, M., Wightman, R., Atanassov, l., Gupta, A., Hurst, C.H.,
Hemsley, P.A., and Turner, S. (2016b). S-Acylation of the cellulose
synthase complex is essential for its plasma membrane localization.

Science 353: 166-169.

Kumar, M., Atanassov, l., and Turner, S. (2017). Functional analysis
of cellulose synthase (CESA) protein class specificity. Plant Physiol.
173: 970-983.

Kumar, M., Mishra, L., Carr, P., Pilling, M., Gardner, P., Mansfield,
S.D., and Turner, S. (2018). Exploiting CELLULOSE SYNTHASE
(CESA) class specificity to probe cellulose microfibril biosynthesis.
Plant Physiol. 177: 151-167.

Kuramae, R., Saito, T., and Isogai, A. (2014). TEMPO-oxidized cel-
lulose nanofibrils prepared from various plant holocelluloses. React.
Funct. Polym. 85: 126-133.

Kurek, l., Kawagoe, Y., Jacob-Wilk, D., Doblin, M., and Delmer, D.
(2002). Dimerization of cotton fiber cellulose synthase catalytic
subunits occurs via oxidation of the zinc-binding domains. Proc.
Natl. Acad. Sci. USA 99: 11109-11114.

Lampugnani, E.R., Khan, G.A., Somssich, M., and Persson, S.
(2018). Building a plant cell wall at a glance. J. Cell Sci..

Ledbetter, M.C., and Porter, K.R. (1963). A “microtubule” in plant cell
fine structure. J. Cell Biol. 19: 239-250.

Lei, L., Li, S., Du, J., Bashline, L., and Gu, Y. (2013). Cellulose syn-
thase INTERACTIVE3 regulates cellulose biosynthesis in both
a microtubule-dependent and microtubule-independent manner in
Arabidopsis. Plant Cell 25: 4912-4923.

Lei, L., Singh, A., Bashline, L., Li, S., Yingling, Y.G., and Gu, Y.
(2015). CELLULOSE SYNTHASE INTERACTIVE1 Is required for fast

The Plant Cell 293

recycling of cellulose synthase complexes to the plasma membrane
in Arabidopsis. Plant Cell 27: 2926-2940.

Levesque-Tremblay, G., Pelloux, J., Braybrook, S.A., and Miiller,
K. (2015). Tuning of pectin methylesterification: Consequences for
cell wall biomechanics and development. Planta 242: 791-811.

Li, Y., and Qi, B. (2017). Progress toward understanding protein
s-acylation: Prospective in plants. Front. Plant Sci. 8: 346.

Li, S., Lei, L., Somerville, C.R., and Gu, Y. (2012). Cellulose synthase
interactive protein 1 (CSI1) links microtubules and cellulose syn-
thase complexes. Proc. Natl. Acad. Sci. USA 109: 185-190.

Liu, L., Shang-Guan, K., Zhang, B., Liu, X., Yan, M., Zhang, L., Shi,
Y., Zhang, M., Qian, Q., Li, J., and Zhou, Y. (2013). Brittle Culm1,
a COBRA-like protein, functions in cellulose assembly through
binding cellulose microfibrils. PLoS Genet. 9: e1003704.

Liu, Z., Schneider, R., Kesten, C., Zhang, Y., Somssich, M., Zhang,
Y., Fernie, A.R., and Persson, S. (2016). Cellulose-microtubule
uncoupling proteins prevent lateral displacement of microtubules
during cellulose synthesis in Arabidopsis. Dev. Cell 38: 305-315.

Luo, Y., et al. (2015) V-ATPase activity in the TGN/EE is required for
exocytosis and recycling in Arabidopsis. Nat. Plants 1: 15094.

Majda, M., and Robert, S. (2018). The role of auxin in cell wall ex-
pansion. Int. J. Mol. Sci. 19: 4.

Maloney, V.J., Samuels, A.L., and Mansfield, S.D. (2012). The endo-
1,4-B-glucanase KORRIGAN exhibits functional conservation be-
tween gymnosperms and angiosperms and is required for proper
cell wall formation in gymnosperms. New Phytol. 193: 1076-1087.

Mansoori, N., Timmers, J., Desprez, T., Alvim-Kamei, C.L., Dees,
D.C., Vincken, J.P., Visser, R.G., Hofte, H., Vernhettes, S., and
Trindade, L.M. (2014). KORRIGAN1 interacts specifically with in-
tegral components of the cellulose synthase machinery. PLoS One
9: e112387.

McQueen-Mason, S.J., and Cosgrove, D.J. (1994). Disruption of
hydrogen bonding between plant cell wall polymers by proteins that
induce wall extension. Proc. Natl. Acad. Sci. USA 91: 6574-6578.

McQueen-Mason, S.J., and Cosgrove, D.J. (1995). Expansin mode
of action on cell walls. Analysis of wall hydrolysis, stress relaxation,
and binding. Plant Physiol. 107: 87-100.

Meents, M.J., Watanabe, Y., and Samuels, A.L. (2018). The cell
biology of secondary cell wall biosynthesis. Ann. Bot. 121: 1107-
1125.

Mendu, V., Griffiths, J.S., Persson, S., Stork, J., Downie, A.B.,
Voiniciuc, C., Haughn, G.W., and DeBolt, S. (2011). Sub-
functionalization of cellulose synthases in seed coat epidermal cells
mediates secondary radial wall synthesis and mucilage attachment.
Plant Physiol. 157: 441-453.

Merz, D., Richter, J., Gonneau, M., Sanchez-Rodriguez, C., Eder,
T., Sormani, R., Martin, M., Hématy, K., Hofte, H., and Hauser, M.
T. (2017). T-DNA alleles of the receptor kinase THESEUS1 with
opposing effects on cell wall integrity signaling. J. Exp. Bot. 68:
4583-4593.

Miart, F., Desprez, T., Biot, E., Morin, H., Belcram, K., Hofte, H.,
Gonneau, M., and Vernhettes, S. (2014). Spatio-temporal analysis
of cellulose synthesis during cell plate formation in Arabidopsis.
Plant J. 77: 71-84.

Mueller, S.C., and Brown, R.M., Jr. (1980). Evidence for an intra-
membrane component associated with a cellulose microfibril-
synthesizing complex in higher plants. J. Cell Biol. 84: 315-326.

Mutwil, M., Debolt, S., and Persson, S. (2008). Cellulose synthesis: A
complex complex. Curr. Opin. Plant Biol. 11: 252-257.

Newman, R.H., Hill, S.J., and Harris, P.J. (2013). Wide-angle x-ray
scattering and solid-state nuclear magnetic resonance data com-
bined to test models for cellulose microfibrils in mung bean cell
walls. Plant Physiol. 163: 1558-1567.



294 The Plant Cell

Ngo, Q.A., Vogler, H., Lituiev, D.S., Nestorova, A., and Grossniklaus,
U. (2014). A calcium dialog mediated by the FERONIA signal trans-
duction pathway controls plant sperm delivery. Dev. Cell 29: 491-
500.

Nicol, F., His, l., Jauneau, A., Vernhettes, S., Canut, H., and Hofte,
H. (1998). A plasma membrane-bound putative endo-1,4-beta-
p-glucanase is required for normal wall assembly and cell elonga-
tion in Arabidopsis. EMBO J. 17: 5563-5576.

Nishiyama, Y. (2009). Structure and properties of the cellulose mi-
crofibril. J. Wood Sci. 55: 241-249.

Nissen, K.S., Willats, W.G.T., and Malinovsky, F.G. (2016). Un-
derstanding CrRLK1L function: Cell walls and growth control.
Trends Plant Sci. 21: 516-527.

Nixon, B.T., et al. (2016) Comparative structural and computational
analysis supports eighteen cellulose synthases in the plant cellu-
lose synthesis complex. Sci. Rep. 6: 28696.

Norris, J.H., et al. (2017) Functional specialization of cellulose syn-
thase isoforms in a moss shows parallels with seed plants. Plant
Physiol. 175: 210-222.

Nihse, T.S., Stensballe, A., Jensen, O.N., and Peck, S.C. (2004).
Phosphoproteomics of the Arabidopsis plasma membrane and
a new phosphorylation site database. Plant Cell 16: 2394-2405.

Paez Valencia, J., Goodman, K., and Otegui, M.S. (2016). Endocy-
tosis and endosomal trafficking in plants. Annu. Rev. Plant Biol. 67:
309-335.

Paredez, A.R., Somerville, C.R., and Ehrhardt, D.W. (2006). Visu-
alization of cellulose synthase demonstrates functional association
with microtubules. Science 312: 1491-1495.

Paredez, A.R., Persson, S., Ehrhardt, D.W., and Somerville, C.R. (2008).
Genetic evidence that cellulose synthase activity influences microtubule
cortical array organization. Plant Physiol. 147: 1723-1734.

Park, Y.B., and Cosgrove, D.J. (2012). Changes in cell wall bio-
mechanical properties in the xyloglucan-deficient xxt1/xxt2 mutant
of Arabidopsis. Plant Physiol. 158: 465-475.

Park, Y.B., and Cosgrove, D.J. (2015). Xyloglucan and its inter-
actions with other components of the growing cell wall. Plant Cell
Physiol. 56: 180-194.

Pear, J.R., Kawagoe, Y., Schreckengost, W.E., Delmer, D.P., and
Stalker, D.M. (1996). Higher plants contain homologs of the bac-
terial celA genes encoding the catalytic subunit of cellulose syn-
thase. Proc. Natl. Acad. Sci. USA 93: 12637-12642.

Pelloux, J., Rustérucci, C., and Mellerowicz, E.J. (2007). New in-
sights into pectin methylesterase structure and function. Trends
Plant Sci. 12: 267-277.

Peng, L., Zhang, L., Cheng, X., Fan, L.S., and Hao, H.Q. (2013).
Disruption of cellulose synthesis by 2,6-dichlorobenzonitrile affects
the structure of the cytoskeleton and cell wall construction in Ara-
bidopsis. Plant Biol (Stuttg) 15: 405-414.

Persson, S., Wei, H., Milne, J., Page, G.P., and Somerville, C.R.
(2005). Identification of genes required for cellulose synthesis by
regression analysis of public microarray data sets. Proc. Natl. Acad.
Sci. USA 102: 8633-8638.

Persson, S., Paredez, A., Carroll, A., Palsdottir, H., Doblin, M.,
Poindexter, P., Khitrov, N., Auer, M., and Somerville, C.R. (2007).
Genetic evidence for three unique components in primary cell-wall
cellulose synthase complexes in Arabidopsis. Proc. Natl. Acad. Sci.
USA 104: 15566-15571.

Polko, J.K., Barnes, W.J., Voiniciuc, C., Doctor, S., Steinwand, B.,
Hill, J.L., Jr., Tien, M., Pauly, M., Anderson, C.T., and Kieber, J.J.
(2018). SHOU4 proteins regulate trafficking of cellulose synthase
complexes to the plasma membrane. Curr. Biol. 28: 3174-3182.€6.

Resh, M.D. (2006). Palmitoylation of ligands, receptors, and in-
tracellular signaling molecules. Sci. STKE 2006: re14.

Rosquete, M.R., Davis, D.J., and Drakakaki, G. (2018). The plant
trans-Golgi network: Not just a matter of distinction. Plant Physiol.
176: 187-198.

Roudier, F., Schindelman, G., DeSalle, R., and Benfey, P.N. (2002).
The COBRA family of putative GPl-anchored proteins in Arabi-
dopsis. A new fellowship in expansion. Plant Physiol. 130: 538-548.

Roudier, F., Fernandez, A.G., Fujita, M., Himmelspach, R., Borner,
G.H., Schindelman, G., Song, S., Baskin, T.l., Dupree, P.,
Wasteneys, G.0., and Benfey, P.N. (2005). COBRA, an Arabi-
dopsis extracellular glycosyl-phosphatidyl inositol-anchored protein,
specifically controls highly anisotropic expansion through its in-
volvement in cellulose microfibril orientation. Plant Cell 17: 1749-
1763.

Rudolph, U., Gross, H., and Schnepf, E. (1989). Investigations of the
turnover of the putative cellulose-synthesizing particle “rosettes”
within the plasma membrane of Funaria hygrometrica protonema
cells. Protoplasma 148: 57-69.

Saffer, A.M. (2018). Expanding roles for pectins in plant development.
J. Integr. Plant Biol. 60: 910-923.

Sampathkumar, A., Gutierrez, R., McFarlane, H.E., Bringmann, M.,
Lindeboom, J., Emons, A.M., Samuels, L., Ketelaar, T., Ehrhardt,
D.W., and Persson, S. (2013). Patterning and lifetime of plasma
membrane-localized cellulose synthase is dependent on actin or-
ganization in Arabidopsis interphase cells. Plant Physiol. 162:
675-688.

Samuels, A.L., Giddings, T.H., Jr., and Staehelin, L.A. (1995). Cy-
tokinesis in tobacco BY-2 and root tip cells: A new model of cell
plate formation in higher plants. J. Cell Biol. 130: 1345-1357.

Sanchez-Rodriguez, C., Ketelaar, K., Schneider, R., Villalobos, J.
A., Somerville, C.R., Persson, S., and Wallace, I.S. (2017).
BRASSINOSTEROID INSENSITIVE2 negatively regulates cellulose
synthesis in Arabidopsis by phosphorylating cellulose synthase 1.
Proc. Natl. Acad. Sci. USA 114: 3533-3538.

Sanchez-Rodriguez, C., Shi, Y., Kesten, C., Zhang, D., Sancho-
Andrés, G., Ivakov, A., Lampugnani, E.R., Sklodowski, K.,
Fujimoto, M., Nakano, A., Bacic, A., and Wallace, I.S., et al.
(2018) The cellulose synthases are cargo of the TPLATE adaptor
complex. Mol. Plant 11: 346-349.

Saxena, I.M., and Brown, R.M., Jr. (2005). Cellulose biosynthesis:
Current views and evolving concepts. Ann. Bot. 96: 9-21.

Schallus, T., Jaeckh, C., Fehér, K., Palma, A.S., Liu, Y., Simpson, J.
C., Mackeen, M., Stier, G., Gibson, T.J., Feizi, T., Pieler, T., and
Muhle-Goll, C. (2008). Malectin: A novel carbohydrate-binding
protein of the endoplasmic reticulum and a candidate player in
the early steps of protein n-glycosylation. Mol. Biol. Cell 19:
3404-3414.

Schindelman, G., Morikami, A., Jung, J., Baskin, T.l., Carpita, N.C.,
Derbyshire, P., McCann, M.C., and Benfey, P.N. (2001). COBRA
encodes a putative GPl-anchored protein, which is polarly localized
and necessary for oriented cell expansion in Arabidopsis. Genes
Dev. 15: 1115-1127.

Schumacher, K., Vafeados, D., McCarthy, M., Sze, H., Wilkins, T.,
and Chory, J. (1999). The Arabidopsis det3 mutant reveals a central
role for the vacuolar H*-ATPase in plant growth and development.
Genes Dev. 13: 3259-3270.

Sethaphong, L., Haigler, C.H., Kubicki, J.D., Zimmer, J., Bonetta,
D., DeBolt, S., and Yingling, Y.G. (2013). Tertiary model of a plant
cellulose synthase. Proc. Natl. Acad. Sci. USA 110: 7512-7517.

Shedletzky, E., Shmuel, M., Delmer, D.P., and Lamport, D.T.A.
(1990). Adaptation and growth of tomato cells on the herbicide
2,6-dichlorobenzonitrile leads to production of unique cell walls
virtually lacking a cellulose-xyloglucan network. Plant Physiol. 94:
980-987.



Slabaugh, E., Davis, J.K., Haigler, C.H., Yingling, Y.G., and
Zimmer, J. (2014). Cellulose synthases: New insights from crys-
tallography and modeling. Trends Plant Sci. 19: 99-106.

Somerville, C. (2006). Cellulose synthesis in higher plants. Annu. Rev.
Cell Dev. Biol. 22: 53-78.

<okb>Speicher, T.L., Li, P.Z., and Wallace, I.S. (2018). Phosphoregulation
of the plant cellulose synthase complex and cellulose synthase-like
proteins. (Basel, Switzerland: Plants), p. 7.

Stegmann, M., Monaghan, J., Smakowska-Luzan, E., Rovenich,
H., Lehner, A., Holton, N., Belkhadir, Y., and Zipfel, C. (2017). The
receptor kinase FER is a RALF-regulated scaffold controlling plant
immune signaling. Science 355: 287-289.

Steinwand, B.J., and Kieber, J.J. (2010). The role of receptor-like
kinases in regulating cell wall function. Plant Physiol. 153: 479-484.

Steinwand, B.J., Xu, S., Polko, J.K., Doctor, S.M., Westafer, M.,
and Kieber, J.J. (2014). Alterations in auxin homeostasis suppress
defects in cell wall function. PLoS One 9: €98193.

Sugimoto, K., Himmelspach, R., Williamson, R.E., and Wasteneys,
G.O. (2003). Mutation or drug-dependent microtubule disruption
causes radial swelling without altering parallel cellulose microfibril
deposition in Arabidopsis root cells. Plant Cell 15: 1414-1429.

Sullivan, S., Ralet, M.-C., Berger, A., Diatloff, E., Bischoff, V.,
Gonneau, M., Marion-Poll, A., and North, H.M. (2011). CESAS5 is
required for the synthesis of cellulose with a role in structuring the
adherent mucilage of Arabidopsis seeds. Plant Physiol. 156:
1725-1739.

Taylor, N.G. (2007). Identification of cellulose synthase AtCesA7
(IRX3) in vivo phosphorylation sites—a potential role in regulating
protein degradation. Plant Mol. Biol. 64: 161-171.

Thomas, L.H., Forsyth, V.T., Sturcova, A., Kennedy, C.J., May, R.P.,
Altaner, C.M., Apperley, D.C., Wess, T.J., and Jarvis, M.C. (2013).
Structure of cellulose microfibrils in primary cell walls from collen-
chyma. Plant Physiol. 161: 465-476.

Thomas, L.H., Forsyth, V.T., Martel, A., Grillo, I., Altaner, C.M., and
Jarvis, M.C. (2015). Diffraction evidence for the structure of cellu-
lose microfibrils in bamboo, a model for grass and cereal celluloses.
BMC Plant Biol. 15: 153.

Vain, T., Crowell, E.F., Timpano, H., Biot, E., Desprez, T., Mansoori,
N., Trindade, L.M., Pagant, S., Robert, S., Hofte, H., Gonneau,
M., and Vernhettes, S. (2014). The cellulase KORRIGAN is part of
the cellulose synthase complex. Plant Physiol. 165: 1521-1532.

Verbandéic, J., Lunn, J.E., Stitt, M., and Persson, S. (2018). Carbon
supply and the regulation of cell wall synthesis. Mol. Plant 11:
75-94.

Vergara, C.E., and Carpita, N.C. (2001). b-b-glycan synthases and
the CesA gene family: Lessons to be learned from the mixed-linkage
(1-3),(1—>4)b-p-glucan synthase. Plant Mol. Biol. 47: 145-160.

Viotti, C., Bubeck, J., Stierhof, Y.D., Krebs, M., Langhans, M., van
den Berg, W., van Dongen, W., Richter, S., Geldner, N., Takano,
J., Jirgens, G., and de Vries, S.C., et al. (2010) Endocytic and
secretory traffic in Arabidopsis merge in the trans-Golgi network/
early endosome, an independent and highly dynamic organelle.
Plant Cell 22: 1344-1357.

Voiniciuc, C., Yang, B., Schmidt, M.H., Giinl, M., and Usadel, B.
(2015). Starting to gel: How Arabidopsis seed coat epidermal cells
produce specialized secondary cell walls. Int. J. Mol. Sci. 16:
3452-3473.

Voxeur, A., and Hofte, H. (2016). Cell wall integrity signaling in plants:
“To grow or not to grow, that’s the question.” Glycobiology 26:
950-960.

Watanabe, Y., Meents, M.J., McDonnell, L.M., Barkwill, S.,
Sampathkumar, A., Cartwright, H.N., Demura, T., Ehrhardt, D.
W., Samuels, A.L., and Mansfield, S.D. (2015). Visualization of

The Plant Cell 295

cellulose synthases in Arabidopsis secondary cell walls. Science
350: 198-203.

Watanabe, Y., Schneider, R., Barkwill, S., Gonzales-Vigil, E., Hill, J.
L., Jr., Samuels, A.L., Persson, S., and Mansfield, S.D. (2018).
Cellulose synthase complexes display distinct dynamic behaviors
during xylem transdifferentiation. Proc. Natl. Acad. Sci. USA 115:
E6366-E6374.

Willats, W.G., McCartney, L., and Knox, J.P. (2001). In-situ analysis
of pectic polysaccharides in seed mucilage and at the root surface
of Arabidopsis thaliana. Planta 213: 37-44.

Wolf, S., et al. (2014) A receptor-like protein mediates the response to
pectin modification by activating brassinosteroid signaling. Proc.
Natl. Acad. Sci. USA 111: 15261-15266.

Wolf, S. (2017). Plant cell wall signalling and receptor-like kinases.
Biochem. J. 474: 471-492.

Wolf, S., and Hofte, H. (2014). Growth control: A saga of cell walls,
ROS, and peptide receptors. Plant Cell 26: 1848-1856.

Woodley, M., Mulvihill, A., Fujita, M., and Wasteneys, G.O. (2018).
Exploring microtubule-dependent cellulose-synthase-complex
movement with high precision particle tracking. (Basel, Switzerland:
Plants), p. 7.

Worden, N., et al. (2015) CESA TRAFFICKING INHIBITOR inhibits
cellulose deposition and interferes with the trafficking of cellulose
synthase complexes and their associated proteins KORRIGAN1 and
POM2/CELLULOSE SYNTHASE INTERACTIVE PROTEIN1. Plant
Physiol. 167: 381-393.

Xiao, C., Zhang, T., Zheng, Y., Cosgrove, D.J., and Anderson, C.T.
(2016). Xyloglucan deficiency disrupts microtubule stability and
cellulose biosynthesis in Arabidopsis, altering cell growth and
morphogenesis. Plant Physiol. 170: 234-249.

Xie, G., Yang, B., Xu, Z., Li, F., Guo, K., Zhang, M., Wang, L., Zou,
W., Wang, Y., and Peng, L. (2013). Global identification of multiple
OsGH9 family members and their involvement in cellulose crystal-
linity modification in rice. PLoS One 8: €50171.

Xu, S.L., Rahman, A., Baskin, T.l., and Kieber, J.J. (2008). Two
leucine-rich repeat receptor kinases mediate signaling, linking cell
wall biosynthesis and ACC synthase in Arabidopsis. Plant Cell 20:
3065-3079.

Xue, H., Veit, C., Abas, L., Tryfona, T., Maresch, D., Ricardi, M.M.,
Estevez, J.M., Strasser, R., and Seifert, G.J. (2017). Arabidopsis
thaliana FLA4 functions as a glycan-stabilized soluble factor via its
carboxy-proximal Fasciclin 1 domain. Plant J. 91: 613-630.

Yang, T., Wang, L., Li, C., Liu, Y., Zhu, S., Qi, Y., Liu, X,, Lin, Q.,
Luan, S., and Yu, F. (2015). Receptor protein kinase FERONIA
controls leaf starch accumulation by interacting with glyceralde-
hyde-3-phosphate dehydrogenase. Biochem. Biophys. Res. Com-
mun. 465: 77-82.

Ye, D., Kiemle, S.N., Rongpipi, S., Wang, X., Wang, C., Cosgrove,
D.J., Gomez, E.W., and Gomez, E.D. (2018). Resonant soft x-ray
scattering reveals cellulose microfibril spacing in plant primary cell
walls. Sci. Rep. 8: 12449.

Yeats, T.H., Sorek, H., Wemmer, D.E., and Somerville, C.R. (2016).
Cellulose deficiency is enhanced on hyper accumulation of sucrose
by a H*-coupled sucrose symporter. Plant Physiol. 171: 110-124.

Yu, F., Li, J., Huang, Y., Liu, L., Li, D., Chen, L., and Luan, S. (2014).
FERONIA receptor kinase controls seed size in Arabidopsis thaliana.
Mol. Plant 7: 920-922.

Zarsky, V., Kulich, l.,, Fendrych, M., and Peéenkova, T. (2013).
Exocyst complexes multiple functions in plant cells secretory
pathways. Curr. Opin. Plant Biol. 16: 726-733.

Zhang, Y., et al. (2016b) Golgi-localized STELLO proteins regulate the
assembly and trafficking of cellulose synthase complexes in Ara-
bidopsis. Nat. Commun. 7: 11656.



296 The Plant Cell

Zhang, T., Zheng, Y., and Cosgrove, D.J. (2016a). Spatial organi-
zation of cellulose microfibrils and matrix polysaccharides in pri-
mary plant cell walls as imaged by multichannel atomic force
microscopy. Plant J. 85: 179-192.

Zhang, X., Dominguez, P.G., Kumar, M., Bygdell, J., Miroshnichenko,
S., Sundberg, B., Wingsle, G., and Niittyla, T. (2018). Cellulose syn-
thase stoichiometry in aspen differs from Arabidopsis and Norway
spruce. Plant Physiol. 177: 1096-1107.

Zhu, X, Li, S., Pan, S., Xin, X., and Gu, Y. (2018). CSI1, PATROLI1,
and exocyst complex cooperate in delivery of cellulose synthase
complexes to the plasma membrane. Proc. Natl. Acad. Sci. USA
115: E3578-E3587.

Zulawski, M., Braginets, R., and Schulze, W.X. (2013). PhosPhAt
goes kinases—searchable protein kinase target information in the
plant phosphorylation site database PhosPhAt. Nucleic Acids Res.
41: D1176-D1184.



The Regulation of Cellulose Biosynthesis in Plants
Joanna K. Polko and Joseph J. Kieber
Plant Cell 2019;31;282-296; originally published online January 15, 2019;
DOI 10.1105/tpc.18.00760

This information is current as of March 8, 2021

Supplemental Data /content/suppl/2019/02/11/tpc.18.00760.DC1.html

References This article cites 174 articles, 82 of which can be accessed free at:
/content/31/2/282.full.html#ref-list-1

Permissions https://www.copyright.com/ccc/openurl.do?sid=pd_hw1532298X&issn=1532298X&WT.mc_id=pd_hw1532298X

eTOCs Sign up for eTOCs at:

http://www.plantcell.org/cgi/alerts/ctmain

CiteTrack Alerts Sign up for CiteTrack Alerts at:
http://www.plantcell.org/cgi/alerts/ctmain

Subscription Information Subscription Information for The Plant Cell and Plant Physiology is available at:
http://www.aspb.org/publications/subscriptions.cfm

© American Society of Plant Biologists
ADVANCING THE SCIENCE OF PLANT BIOLOGY



https://www.copyright.com/ccc/openurl.do?sid=pd_hw1532298X&issn=1532298X&WT.mc_id=pd_hw1532298X
http://www.plantcell.org/cgi/alerts/ctmain
http://www.plantcell.org/cgi/alerts/ctmain
http://www.aspb.org/publications/subscriptions.cfm

