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Cellulose, the most abundant biopolymer synthesized on land, is made of linear chains of 8 (1-4) linked D-glucose. As a major
structural component of the cell wall, cellulose is important not only for industrial use but also for plant growth and develop-
ment. Cellulose microfibrils are tethered by other cell wall polysaccharides such as hemicellulose, pectin, and lignin. In higher
plants, cellulose is synthesized by plasma membrane-localized rosette cellulose synthase complexes. Despite the recent ad-
vances using a combination of molecular genetics, live cell imaging, and spectroscopic tools, many aspects of the cellulose
synthesis remain a mystery. In this chapter, we highlight recent research progress towards understanding the mechanism of

cellulose synthesis in Arabidopsis.

1. INTRODUCTION

Every cell in higher plants is encased in an extracellular matrix,
the plant cell wall. The plant cell wall is composed of a mixture
of polysaccharides (Cosgrove, 2005). Based on structural and
functional differences, plant cell walls can be roughly character-
ized into two types: the primary cell wall and the secondary cell
wall. The composition and structural organization of both primary
and secondary cell walls has been a major driving force for the
evolutionary diversification of plants on earth (Popper, 2008). The
primary cell wall contains cellulose, hemicellulose and pectin. Pri-
mary cell wall synthesis occurs during the growing phase of the
cell when the cell wall expands due to the forces of internal turgor
pressure that push outward against the plasma membrane and
the cell wall (Cosgrove, 1997). The secondary cell wall is depos-
ited in specific cell types upon the cessation of cell growth. The
secondary cell wall contains cellulose, hemicellulose, and lignin
and it is usually thicker and more rigid than the primary cell wall
(Roberts et al., 2000).

Through intra- and inter-chain hydrogen bonding, parallel lin-
ear glucan chains are crystalized to form cellulose microfibrils,
which give cellulose high axial stiffness (Gillis et al., 1969). In
higher plants, 3-nm elementary cellulose microfibrils can aggre-
gate into larger size cellulose microfibrils that range from 5-10
nm in width in primary cell walls to 30-50 nm in secondary cell
walls (Davies et al., 2003; Zhang, 2013) (Figure 1). The length of
cellulose microfibrils, which can be referred to as the degree of
polymerization (DP), varies significantly among organisms. The
DP of cellulose microfibrils is estimated to range from hundreds
to thousands of glucose units in primary walls, and up to 15,000
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glucose units in secondary walls (Brett, 2000; Somerville, 2006).
However, virtually nothing is known about how the DP is regu-
lated in plants.

All cellulose-synthesizing organisms including bacteria, algae,
tunicates, and higher plants have cellulose synthase proteins,
which catalyze the polymerization of glucan chains (Brett, 2000;
Saxena et al., 2005). Although the catalytic domains of cellulose
synthases are conserved for all cellulose-synthesizing organ-
isms, the drastic differences in both the lifestyle of the organisms
and the structure of the cellulose that they produce suggest that
the regulatory proteins and the underlying mechanisms for cel-
lulose synthesis may have evolved independently (Roberts et al.,
2007; Lei et al., 2012b). An example of diversity is the variation
in the organization of cellulose synthesizing complexes, which
were originally named terminal complexes (TCs) due to their as-
sociation with the ends of cellulose microfibrils (Montezinos et
al.,, 1976). TCs in higher plants adopt a rosette shape with six
lobes that have rotational symmetry and span across the plasma
membrane with a 25 nm diameter in the transmembrane region
and a larger diameter (45-50 nm) in the cytoplasmic region of
the complex (Giddings et al., 1980; Mueller et al., 1980; Brown
et al., 1996; Bowling et al., 2008). The protein composition of the
rosette in higher plants is not well understood, but each rosette
contains multiple cellulose synthase proteins to accommodate
the synthesis of multiple glucan chains (Taylor et al., 2000; Doblin
et al., 2002; Desprez et al., 2007; Persson et al., 2007). It has
been postulated that cellulose synthase complexes are involved
not only in the polymerization of glucan chains, but also in the
crystallization process (Somerville, 2006). It remains unclear how
multiple glucan chains are positioned within proximity of one an-
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Figure 1. Cellulose microfibrils and cellulose synthase complexes (CSCs)
in Arabidopsis. (A) Atomic force micrograph of cellulose microfibrils from
Arabidopsis callus tissue after cyclohexane-1,2-diaminetetraacetic acid
(CDTA) extraction. Image size is 2x2 ym. Adapted from Davies LM & Har-
ris PJ (2003). Copyright by Springer. (B) Electron micrograph of cellulose
microfibrils in Arabidopsis. Scale bar = 100 nm. Layers of cellulose micro-
fibrils organized as sheets can be seen. Adapted from Williamson et al.
(2002). Copyright by Elsevier. (C) Cellulose synthase complexes (CSCs)
in the plasma membrane of Arabidopsis. Scale bar = 100 nm. Adapted
from Williamson et al. (2002). Copyright by Elsevier.

other to accommodate crystallization through hydrogen bonding.
It has been proposed that protein other than cellulose synthases
may be a part of the complex and aid in the crystallization process
in Arabidopsis (Molhoj et al., 2002).

Cellulose biosynthesis in higher plants is a tightly regulated
process (Brabham et al., 2012; Li et al., 2012b). For example,
the amount of cellulose, the ratio of cellulose to other cell wall
polymers, the degree of polymerization, the crystalline cellulose
core size, and the orientation of cellulose microfibrils are under
tight control. The vast regulation of cellulose biosynthesis is a re-
flection of the variability in cell wall structure and composition that
arises from a diversity of cell types across various developmental
stages (Keegstra, 2010). This area has been greatly advanced
by genetic studies in Arabidopsis and by the recent development
of an in vivo cell imaging system to visualize the dynamics of
cellulose synthase complexes (CSCs) in living cells. However, at
the biochemical level, the field is still at the beginning stage of
understanding the enzymatic mechanism of cellulose synthesis.
In that regard, it is appropriate to present information from other
species, even distant ones, to use as an introduction, comparison
or reference to understand cellulose biosynthesis in Arabidopsis.

2. THE STRUCTURE AND PROPERTIES OF CELLULOSE

2.1. General structure of cellulose

Cellulose, in its simplest form, consists of B-1,4 linked glucan
chains. Hydrogen bonds form between hydroxyl groups and
oxygen atoms both within a single glucose chain and between
neighboring chains. Together with van der Waals forces, hydro-
gen bonding aggregates glucan chains together side-by-side and
promotes parallel stacking of cellulose microfibrils into crystal-
line cellulose (Brett, 2000; Somerville, 2006). The natural form of
crystalline cellulose is cellulose I. Cellulose | can be irreversibly
converted into cellulose Il, a form that is more stable than the
cellulose | (Brown, 1999a; Brett, 2000). Consisting of cellulose la
and IB, both forms are composed of parallel glucan chains (Kuga
et al., 1988; Maurer et al., 1992; Koyama et al., 1997). The paral-
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lel glucan chains in natural cellulose are compatible with the idea
that glucan chains in an elementary cellulose microfibril are made
simultaneously (Brown, 1999a; Brown et al., 2000). In higher
plants, the ratio of cellulose la to If varies among different spe-
cies and types of walls (Atalla et al., 1984; Sturcova et al., 2004).
In both forms, each glucose molecule is rotated 180° in relation
to its neighboring glucose molecule, forming a flat ribbon in which
cellobiose is the repeating unit (Somerville, 2006).

Multiple glucan chains are simultaneously synthesized by a
single plasma membrane-localized CSC and immediately as-
semble to form an elementary cellulose microfibril (Harris et al.,
2010). The size of an elementary fibril is physically determined
by the number of individual glucan chains synthesized by a CSC
(Tsekos, 1999). In Arabidopsis, CSCs exist as rosettes (Figure
1), which contain six subunits arranged in a hexagonal structure.
It has been postulated that each of the six rosette subunits con-
tains six cellulose synthase (CESA) proteins (Doblin et al., 2002).
Assuming that each CESA protein within a CSC is enzymatically
active, this model would suggest that each CSC synthesizes
an elementary microfibril that is comprised of 36 glucan chains
(Somerville, 2006). The exact number of individual glucan chains
in an elementary cellulose microfibril has not been experimen-
tally determined in Arabidopsis. However, studies on cellulose in
celery collenchyma (primary wall) and in spruce wood (second-
ary wall) suggest that an elementary microfibril is more likely to
contain 24 glucan chains (Fernandes et al., 2011; Newman et al.,
2013; Thomas et al., 2013). It is not clear whether the number of
chains in elementary microfibrils is fixed within an organism let
alone across species, but based on the current measurements of
elementary cellulose microfibril size, it is reasonable to estimate
that each of the six subunits of the CSC contains 4-6 enzymati-
cally active CESAs.

Several methods have been developed to measure the crys-
tallinity of cellulose microfibrils. X-ray diffraction (XRD) can pro-
vide a rough estimation of crystallinity through measuring the
relative crystallinity index, which is based upon the proportions
of crystalline and amorphous cell wall material, a measurement
that can be influenced by non-cellulosic polysaccharides (L.
Segal, 1959; Harris et al., 2010; Park et al., 2010; Harris et al.,
2012). Cellulose crystallinity can also be assessed by *C solid-
state NMR spectroscopy, by comparing the relative intensities of
peaks that correspond to C4 atoms in the interior of the cellulose
versus C4 atoms that are on the surface of the cellulose microfi-
bril, which can be used to estimate crystallite size (Bootten et al.,
2011; Dick-Perez et al., 2011). However, this method has trouble
differentiating between amorphous cellulose regions and cellu-
lose chains at the surface of crystalline microfibrils. *C solid-state
NMR spectroscopy is best suited for crystallinity analysis of thick
cellulose microfibrils (10-25 nm in diameter) from bacteria and
certain algae (Brett, 2000). However, cellulose microfibrils from
the primary cell walls in higher plants are relatively thin, ranging
from 3-10 nm in diameter (Thomas et al., 2013; Zhang, 2013). A
model in which regions of crystalline cellulose are interconnected
by amorphous cellulose regions has gained popularity in recent
years. These amorphous regions can be detected by small-angle
neutron scattering and are highly accessible through acid hydro-
lysis (Fernandes et al., 2011). However, it is important to note
that the isolation of cellulose microfibrils in these studies often
involves harsh extraction methods that will affect the native cel-



lulose structure (Somerville, 2006). A sum frequency generation
(SFG) spectroscopy was recently used to detect the asymmetric
distribution of C6H2 and O3H-O5 group in crystalline cellulose
microfibrils (Hieu et al., 2011; Barnette et al., 2012). SFG is a
desirable method to estimate the content of crystalline cellulose
because there is no spectral interference from other cell wall ma-
trix compounds such as hemicellulose and lignin and it does not
require any chemical treatment of biological samples (Barnette
et al., 2012). SFG can also detect subtle changes in cellulose
ordering and packing in secondary cell wall in Arabidopsis inflo-
rescence stem (Park et al., 2013).

2.2. Cellulose microfibril organization

In general, cellulose microfibrils are laid down transversely to the
axis of elongation during primary cell wall synthesis (Figure 1).
In Arabidopsis, two experimental systems, the epidermal cells of
dark grown hypocotyls and the root elongation zone, have been
used to investigate the relationship between cellulose biosynthe-
sis and cell elongation of primary cell walls (Fagard et al., 2000a;
Williamson et al., 2002). Rapid longitudinal cell elongation rates
coupled with minimal lateral expansion make both systems ideal
for genetic, physiological and structural analysis (Crowell et al.,
2010a). In epidermal cells of the root elongation zone, newly syn-
thesized cellulose is constantly deposited in a transverse orienta-
tion to the root axis (Kerstens et al., 2002). During cell elongation,
layers of cellulose microfibrils rotate as sheets with angles that
increasingly move towards the longitudinal axis (Anderson et al.,
2010). The rotation of cellulose microfibril layers in roots is com-
patible with the multi-net growth hypothesis in which the growth
is associated with passive movement of cell wall layers (Roland
et al., 1975). Cellulose microfibrils are also arranged in multilayer
sheets of varying angles during hypocotyl elongation. In this cell
type, cellulose microfibrils in the outer face of the epidermal cell
wall are deposited in parallel with the underlying cortical microtu-
bules that undergo continuous rotation (Chan et al., 2007; Lloyd
et al.,, 2008; Chan et al., 2010). It appears that these two sys-
tems have co-evolved to adopt a multi-net cellulose microfibril
network. How multi-net cellulose microfibril organization relates
to the features of the primary cell walls, especially extensibility
and rigidity, are not known. Interestingly, secondary cell walls of
wood cells also adopt a similar cellulose microfibril organization.
During wood formation, cellulose microfibrils are laid down as
three consecutive layers (S1, S2, S3). Within each layer the cel-
lulose microfibrils are highly ordered and parallel, but between
each layer the angles of the microfibril sheets are oriented dif-
ferently (Plomion et al., 2001; Barnett et al., 2004). Along with
embedded hemicellulose (xylan) and ligin, the multi-layered cel-
lulose microfibril organization makes the wood cell wall an ideal
structure for strength and rigidity (Chaffey, 1999; Plomion et al.,
2001). Multilayer cellulose microfibril organization may be a con-
vergent evolutionary product that is best fit for providing rigidity
to the cell wall.

In both primary and secondary cell walls, cellulose microfi-
brils often exist as bundles (Anderson et al., 2010; Fernandes
et al., 2011; Thomas et al., 2013; Zhang, 2013). The bundling
process likely involves the aggregation of closely arranged cel-
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lulose microfibrils. Since the geometry and dimensions of CSCs
relate to the size of cellulose microfibrils, it is tempting to specu-
late that the bundling process might also be influenced by how
the CSCs are arranged at the plasma membrane. Since cortical
microtubules guide the insertion and movement of CSCs at the
plasma membrane (Crowell et al., 2009; Gutierrez et al., 2009),
it is possible that as multiple CSCs simultaneously extrude cel-
lulose microfibrils along the same cortical microtubule, these cel-
lulose microfibrils interact with one another to form a larger and
bundled cellulose microfibril. Therefore, it is reasonable to specu-
late that the dynamics of cortical microtubules might influence the
bundling process. It is not known if the bundling process occurs
simultaneously during individual glucan-chain synthesis or occurs
sequentially after the termination of synthesis.

Other cell wall polymers that are in close contact with cellulose
microfibrils such as hemicellulose and pectin may also affect the
bundling of cellulose microfibrils. Xyloglucan is the most domi-
nant hemicellulose in dicot primary walls and it plays a large role
in forming the cross-links between cellulose microfibrils (Keegstra
et al., 1973). Cellulose microfibrils are also coated with xyloga-
lacturonan, a pectin polysaccharide, during the synthesis of cel-
lulose microfibrils in quince seed mucilage. The xylogalacturonan
coating prevents the coalescence of cellulose microfibrils into
large bundles (Ha et al., 1998). In primary cell walls of Arabidop-
sis, pectin directly interacts with cellulose microfibrils. It has been
estimated that 25-50% of the cellulose chains are in close contact
with pectin polysaccharides (Wang et al., 2012). While numerous
documented studies support the direct interaction between hemi-
cellulose/pectin and cellulose microfibrils (Keegstra et al., 1973;
Cosgrove, 1997; Keegstra, 2010; Scheller et al., 2010), it is not
known how or to what extent the direct contact between these cell
wall polymers affects the bundling process.

3. CELLULOSE SYNTHESIS

3.1. CESA genes, CESA proteins and the Cellulose Syn-
thase Complex (CSC)

In 1996, the first higher plant cellulose synthase gene was cloned
from cotton (Pear et al., 1996). Since then, CESA genes have
been identified in many higher plants including a few model
systems such as Arabidopsis, rice, and poplar (Carroll et al.,
2011). CESA proteins of higher plants share relatively low ami-
no acid sequence identity with bacterial CESA proteins (Doblin
et al., 2002), in which the CESA was first identified. In bacteria,
the CESA gene is in an operon that also contains other genes
that are directly related to cellulose synthesis and cellulose mi-
crofibril assembly (Ross et al., 1991). However, in higher plants
no functionally linked genes are present in the proximity of the
CESA genes. CESAs belong to family 2 glycosyltransferases
(Richmond et al., 2000; Somerville, 2006). The predicted CESA
protein structure suggests that some aspects of CESA structure
are conserved between prokaryotes and eukaryotes (Lei et al.,
2012b; Morgan et al., 2013; Sethaphong et al., 2013). CESAs are
integral plasma membrane proteins with multiple transmembrane
domains and a central catalytic domain (Richmond, 2000) (Figure
2). In higher plants, CESAs have eight transmembrane domains:
two on the N-terminal side of the central domain and six on the C-
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Figure 2. Domain structure of cellulose synthase (CESA) protein and the positions of CESA mutations.

terminal side (Somerville, 2006). These transmembrane domains
are predicted to form a pore in the plasma membrane, which
might accommodate the extrusion of newly synthesized glucan
chains through the membrane (Morgan et al., 2013; Slabaugh et
al., 2013). In higher plants, CESAs contain a cytoplasmic amino
terminal zinc finger domain, which is believed to play a role in
protein-protein interactions and might be responsible for the di-
merization of CESA proteins (Kurek et al., 2002). Following the
zinc finger domain is a hyper-variable region that is rich in acidic
amino acids. In between the second and third transmembrane
domains is the central domain or the globular domain, which ex-
tends into the cytoplasm. The central domain contains several
signature residues of glycosyltransferases that are conserved in
all species (Richmond, 2000; Lei et al., 2012b). Three conserved
aspartic acid residues (D, D,, and D,) are distributed throughout
the cytoplasmic domain and a QXXRW motif resides near the C-
terminal end of the central domain (Figure 2). These residues are
often referred to collectively as the D,D,D,QXXRW motif and are
thought to be involved in substrate binding, acceptor binding, and
catalysis (Saxena et al., 2001). In higher plants, CESAs have two
extra plant-specific protein domains: a plant-conserved region (P-
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CR) that resides between D, and D, and a class-specific region
(CSR) that resides between D, and D, The function of these two
plant-specific domains is unclear, but it has been proposed that
they might be involved in plant specific regulation of cellulose
synthesis (Sethaphong et al., 2013; Slabaugh et al., 2013).

The direct proof that CESA is a component of the rosette
TC came from an immunolabelling experiment in which freeze-
fractured replicas from vascular plant Vigna angularis were la-
beled with CESA antibodies (Kimura et al., 1999). Although the
equivalent experiment has not been performed in Arabidopsis,
a lesion in Arabidopsis CESA1 (AT4G32410) resulted in a de-
ficiency in cellulose synthesis and caused a disintegration of
rosettes, suggesting that CESA1 is a component of the rosette
TC in Arabidopsis (Arioli et al., 1998). The Arabidopsis genome
encodes ten CESA genes (Figure 2 and Table 1). Based on ge-
netic analysis, CESAs are roughly classified into two groups that
correspond to CESAs that are involved in cellulose synthesis in
primary cell walls (primary CESAs) and CESAs that are involved
in cellulose synthesis in secondary cell walls (secondary CESAS).
Among primary CESAs, CESA1 and CESA3 (AT5G05170) are
essential while CESA6 (AT5G64740) is redundant with CESA2
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Table 1. Genes and mutations implicated in cellulose synthesis.

Gene Product

Mutant Alleles

Phenotype

Ecotype Reference

CESA1
(At4g32410)

CESA3
(At5g05170)

CESA4
(At5g44030)

CESA6
(At5g64740)

CESA7
(At5g17420)

rsw1-1 A549V

rsw1-2 G631S

rsw1-10 (splicing
variant)

rsw1-20 D780N

rsw1-45 E779K

aegeus A903V

any1 D604N

ixr1-1G998D
ixr1-2 T942|
cevl G617E

eli1-1 S301F
eli1-2 A522V

rswh P1056S
thanatos P578S

mre G916E

irx5-1

irx5-2 W995stop
irx5- 3 Q263stop
exi2 Y939stop

prc1-1to prc1-12
(qui)
ixr2-1 R1064W

prc1-20 (52-isx)

irx3 W859stop
fra5 P557T

mur10-1 W444stop
mur10-2 H734Y
exi5 W954stop

temperature sensitive, radial swelling, cellulose deficient, rosette disinte-
gration

radial swelling, embryonic swelling, cellulose deficient

leaky allele, dwarf etiolated hypocotyls, cellulose deficiency

short, swollen etiolated hypocotyls and cotyledons, cell division defects,
cell wall defects

short, swollen etiolated hypocotyls and cotyledons, cell division defects,
cell wall defects

quinoxyphen resistant, reduced cellulose content, altered cellulose crys-
tallinity, increased CSC velocity

short, swollen roots, dwarf plants, fragile trichome, no cellulose content
difference, but reduced cellulose crystallinity, reduced CSC velocity
resistance to isoxaben

resistance to isoxaben

short roots, dwarf plant, increased jasmonate and ethylene production,

constitutive stress response, cellulose content deficiency

short, swollen root and etiolated hypocotyl, dwarf plant, ectopic lignifica-
tion, reduced cellulose synthesis, activated defense responses (jasmo-
nate and ethylene)

temperature sensitive, radial swelling, dwarf plants, cellulose deficiency

semi-dominant allele, short, swollen root and hypocotyl, cellulose defi-
ciency

short, swollen root and etiolated hypocotyl, cellulose deficiency, dwarf
plants

thin, irregular xylem and interfascicular cell walls, cellulose content defi-
ciency, dwarf plants

small rosette leaves, flowers, siliques, reduced cell elongation, dwarf
plants, altered vasculature and cell morphology, cellulose content defi-
ciency, impaired water transport

short etiolated hypocotyls and roots, incomplete cell walls, cellulose
deficiency

semi-dominant allele, resistance to isoxaben

oryzalin hypersensitive, isoxaben hypersensitive, short, swollen etiolated
hypocotyls and roots, cellulose content deficiency

irregular, collapsed xylem, cellulose deficiency

semi-dominant allele, reduced fiber cell wall thickness, cellulose content

deficiency, dwarf plants, short roots and etiolated hypocotyls

collapsed xylem, dwarf aerial organs, reduced female fertility, reduced
tensile strength in hypocotyls, altered primary cell wall composition

small rosette leaves, flowers, siliques, reduced cell elongation, dwarf
plants, altered vasculature and cell morphology, cellulose content defi-
ciency, impaired water transport

Col

Ler

Ws

Ler

Ler

Col

Col

Col
Col
Col

Col

Col

Col
Col

Col

Ler
Ler
Ler

Ler

Col/Ws

Col
Col

Ler

Col

Col
Col

Ler

(Arioli et al., 1998)

(Gillmor et al., 2002)
(Fagard et al., 2000a)

(Beeckman et al., 2002)
(Beeckman et al., 2002)
(Harris et al., 2012)
(Fujita et al., 2013)

(Scheible et al., 2001)
(Scheible et al., 2001)
(Ellis et al., 2002)

(Brown, 1999b; Cano-
Delgado et al., 2003)

(Brown, 1999b; Cano-
Delgado et al., 2003)

(Wang et al., 2006)
(Daras et al., 2009)

(Pysh et al., 2012)

(Taylor et al., 2003)
(Taylor et al., 2003)
(Taylor et al., 2003)
(Rubio-Diaz et al., 2012)

(Fagard et al., 2000a)

(Desprez et al., 2002)
(Paredez et al., 2008)

(Taylor et al., 1999)
(Zhong et al., 2003)

(Bosca et al., 2006)
(Bosca et al., 2006)
(Rubio-Diaz et al., 2012)
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Table 1. (continued).

Gene Product  Mutant Alleles Phenotype Ecotype Reference
CESA8 irx1-1 D683N irregular, collapsed xylem, cellulose deficiency, dwarf plants Ler (Taylor et al., 2000)
At4g18780
(Atdg ) irx1-2 S679L irregular, collapsed xylem, cellulose deficiency, dwarf plants Ler (Taylor et al., 2000)
lew2-1 W217stop  increased tolerance to drought and osmotic stress, increased proline, C24 (Chen et al., 2005)
soluble sugars, and abscisic acid content, collapsed xylem, cellulose
lew2-2 L792F content deficiency Col (Chen et al., 2005)
fra6 R362K reduced fiber cell wall thickness, reduced cellulose content Col (Zhong et al., 2003)
exi1-1 splicing small rosette leaves, flowers, siliques, reduced cell elongation, dwarf Ler (Rubio-Diaz et al., 2012)
variant plants, altered vasculature and cell morphology, cellulose content defi-
ciency, impaired water transport N
exi1-2 G508E 1ency, impaired water ransp Ler  (Rubio-Diaz et al., 2012)
KOBITO kob1-1 short, swollen roots and etiolated hypocotyls, dwarf plants, ectopic lignifi- Ws (Pagant et al., 2002)
(At3g08550) cation, reduced cellulose synthesis, reduced cellulose content, increased
Kob1-2 pectin content, disorganized microfibrils in the root elongation zone Col (Pagant et al., 2002)
eld1-1, eld1-2 short, swollen roots and etiolated hypocotyls, dwarf plants, seedling lethal Col (Lertpiriyapong et al., 2003)
on soil, undergoes photomorphogenesis in the dark, ectopic suberin
deposition
abi8 resistance to abscisic acid inhibition of germination, short, swollen roots Ws (Brocard-Gifford et al.,
and etiolated hypocotyls, dwarf plants, partial rescue of some phenotypes 2004)
(excluding cell elongation) with glucose
KOR kor1-1 T-DNA in short, swollen roots and etiolated hypocotyls, dwarf plants, reduced cell-  Ws (Nicol et al., 1998; His et
(At5g49720) promoter cell adhesion, irregular cell shape, altered and variable pectin network, al., 2001)
endo-b-1,4- altered cellulose/hemicellulose
glucanase
kor1-2 T-DNA in short, swollen roots and etiolated hypocotyls, cell morphology defects, C24 (Zuo et al., 2000)
promoter adult tissues turn into callus, cytokinesis defect
acw1 G429R temperature sensitive, short and swollen roots, dwarf plants, cellulose Col (Sato et al., 2001)
deficiency, altered cellulose bundling
irx2-1 P250L irregular xylem, cellulose deficiency in secondary cell walls, dwarf plants, Ler (Molhoj et al., 2002; Szy-
does not affect primary cell wall synthesis or seedling morphology janowicz et al., 2004)
irx2-2 P553L Col (Molhoj et al., 2002; Szy-
janowicz et al., 2004)
rsw2-1, rsw2-2 temperature sensitive, short and swollen roots, cellulose content defi- Col (Lane et al., 2001)
G429R ciency, accumulation of readily extracted glucan, dwarf plants and organs,
abnormal cell wall morphology, irregular cell shape,
rsw2-3 S183N phology, Ireg P Col  (Laneetal, 2001)
rsw2-4 G344R Col (Lane et al., 2001)
tsd1 G126E severe allele, extremely short etiolated hypocotyls, early undifferenti- Col (Frank et al., 2002; Krup-
ated callus formation in light, shoot and root meristem defects, disrupted kova et al., 2009)
hormone signaling
lit-1 lions tail short and swollen roots, reduced cell division Col (Hauser et al., 1995)
kor1-3 oryzalin hypersensitive, isoxaben hypersensitive, short etiolated hypo- Col (Paredez et al., 2008)
cotyls and short, swollen roots, cellulose content deficiency, disorganized
cortical microtubule array, reduced CSC velocity
COBRA cob-1 to cob-3 conditional mutant; under restrictive sucrose levels: short and swollen Col/Col/ (Schindelman et al., 2001)
(At5g60920) (missense) roots, dwarf seedlings, cellulose deficiency, relatively normal aerial organs ~ Ws
GPl-anchored
protein cob-4 (null) short and swollen roots and etiolated hypocotyls, bulging and swollen Col (Roudier et al., 2005)

epidermal cells and aerial organs, disorganization of cellulose microfibrils

cob-5 cell elongation defect, accumulation of flavonoids and callose, dwarf Col (Ko et al., 2006)
plants, swollen and irregular cell shape, upregulation of defense-related
genes
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Table 1. (continued).

Gene Product

Mutant Alleles

Phenotype

Ecotype References

POM1
(At1g05850)
Putative
secreted basic
chitinase-like
protein
(AtCTL1)

CYT1
(At2g39770)
mannose-
1-phosphate
guanylyltrans-
ferase

GCS1/KNF
(At1g67490)
Glucosidase |

RSW3
(At5g63840)
Glucosidase Il

FRA1
(At5g47820)
kinesin-like
protein

FRA2
(At1g80350)
katanin-like

microtubule-sev-

ering protein

pom1-1 to pom1-11

erh2
pom1-26
elp1

hot2

arm

ctl1-1

cyt1-1

cyt1-2

gcs1-1, ges1-2

knf-11 to knf-20

munchkin (muc,
knf-101) G504D

rsw3-1

fra1-1to fra1-4

fra2 nonsense

botero1 (bot1-1;
bot1-2 to bot1-8)

erh3-1to erh3-3
missense

luet

ktn1-1 to kin1-5

Conditional root expansion, stunted root and dark-grown hypocotyls, radi-
ally expanded cells, normal microfibril orientation;

short and swollen roots, dwarf plants, ectopic root hairs
short and swollen roots, dwarf plants, ectopic lignification

short and swollen roots, dwarf plants, ectopic lignification, incomplete cell
walls in some pith cells, ethylene overproduction, reduced osmotic stress
tolerance

short and swollen roots, dwarf plants, incomplete cell walls, ethylene
overproduction

short and swollen roots and etiolated hypocotyls, nitrate conditional
phenotypes

short and swollen roots, dwarf plants, isoxaben and oryzalin hypersensi-
tivity, reduced CSC velocity, cellulose content deficiency, altered cortical
microtubules

embryonic lethal, defective cytokinesis, incomplete cell walls, callose ac-
cumulation, cellulose content deficiency

disruption of N-glycan processing leads to embryonic lethality and
shrunken seeds

embryonic lethal, isotropic growth, reduced cell wall thickness, cellulose
content deficiency

not lethal, short and swollen roots, dwarf plants, increased stomatal
density

normal at permissive temperature, but at restrictive temperature: cessa-
tion of root elongation, radial swelling, extremely dwarf plants, disrupted
cell shape, disrupted cell division

reduced breaking strength of basal-middle stem, short roots and etiolated
hypocotyls, dwarf plants, no change in cellulose content, defect in cel-
lulose microfibril orientation

reduced breaking strength of stem, short and swollen roots and hypocot-
yls, dwarf plants, reduced fiber cell length and wall thickness, cellulose/
hemicellulose content deficiency, ectopic lignification, delayed perinuclear
microtubule disappearance and establishment of cortical microtubules,
disoriented microtubules, disoriented cellulose microfibrils

impaired anisotropy, short and swollen roots and hypocotyls, dwarf plants,
reduced bending modulus, cell expansion defect, disorganized cortical
microtubules

ectopic root hair formation, short and swollen roots, abnormal root cell
organization, differentiation, and specification

dwarf plants, improper microtubule orientation, inappropriate hormonal
responses to gibberellin and ethylene

short and swollen roots and etiolated hypocotyls, swollen pavements
cells, disorganized microtubules

Color  (Hauser et al., 1995)

Ws

Col (Gillis et al., 1969)

Col (Rogers et al., 2005)

Col (Zhong et al., 2002)

Col (Kwon et al., 2007)

Col (Hermans et al., 2010)

Col (Sanchez-Rodriguez et al.,
2012)

Ws (Nickle et al., 1998; Lukow-
itz et al., 2001)

Ws (Nickle et al., 1998; Lukow-

itz et al., 2001)

Ws (Maurer et al., 1992)

Ler (Gillmor et al., 2002)

Col (Furumizu et al., 2008)
Col (Burn et al., 2002)

Col (Zhong et al., 2002)

Col (Burk et al., 2001; Burk et

al., 2002)

Col; Col/ (Bichet et al., 2001)
C24/Ws/
Ler

Col (Gillis et al., 1969; Webb et

al., 2002)

Col (Park et al., 2013)

Ws, Col (Nakamura et al., 2009; Lin et
al., 2013)
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(AT4G39350), CESA5 (AT5G09870), and CESA9 (AT2G21770).
CESA4 (AT5G44030), CESA7 (AT5G17420), and CESA8
(AT4G18780) are non-redundantly required for cellulose syn-
thesis in secondary cell walls. The functional separation might
reflect a need for distinct structural properties of CESA proteins
to assemble different CSCs for primary and secondary cell wall
synthesis. However, studies also indicate that the involvement of
CESA genes in cellulose synthesis of primary and secondary cell
walls could be flexible. For example, loss of function of CESA5
or CESAO9 resulted in defects of seed coat formation, a process
thought to be dependent upon cellulose synthesis in second-
ary walls (Stork et al., 2010; Harpaz-Saad et al., 2011; Mendu
et al., 2011b; Mendu et al., 2011a; Harpaz-Saad et al., 2012).
Furthermore, ectopic overexpression of fra5, a dominant mutant
of CESAY affects cell wall formation in both types of walls (Zhong
et al., 2003). In a genetic swap experiment, CESA7, under the
expression of the CESA3 promoter, can partially complement the
growth defect of cesa3®, indicating that CESA7 may have struc-
tural properties allowing its incorporation into primary CSCs (Car-
roll et al., 2012). On the other hand, CESA1, under a promoter of
a secondary CESA gene, partially complemented cesa8™' null
mutant phenotypes, including defects in cellulose content, plant
stature and collapsed xylem vessels (Carroll et al., 2012; Li et
al., 2013). Interestingly, a phylogenetic analysis revealed that the
separation of primary and secondary CESAs may have occurred
before the appearance of vascular plants (Carroll et al., 2011).

3.2. Rosette assembly

Based on the genetic analysis of CESA proteins in Arabidopsis,
an early model suggested that each of the six subunits of a ro-
sette contains six CESA proteins, and that each rosette therefore
has a total of 36 CESA proteins (Scheible et al., 2001; Doblin et
al., 2002). This model explains the formation of a rosette through
the distinct binding properties among three different CESA pro-
teins. However, this model has not been experimentally tested.
The exact composition and stoichiometry of CESAs in a rosette is
unclear. Without such information, the mechanism by which the
rosette is assembled from individual CESA proteins remains a
mystery. Transmission electron microscopy studies have visual-
ized fully assembled rosettes in the Golgi apparatus (Haigler et
al., 1986). This is consistent with the observation that fluorescent
protein-labeled CESAs accumulate in the Golgi apparatus, and
suggests that rosettes are assembled prior to being delivered to
the plasma membrane. Consistent with this idea, rosettes have
also been observed in vesicles budding from the Golgi in Micr-
asterias denticulate (Giddings et al., 1980). Because cellulose
synthases are proteins with multiple transmembrane domains, it
is reasonable to speculate that rosette assembly could occur at
any stage in secretion as early as the endoplasmic reticulum or
as late as the Golgi apparatus (Wightman et al., 2010b). In Arabi-
dopsis, genetic studies of both primary and secondary cell walls
indicated that at least three different CESAs are required for the
formation of an intact CSC (Doblin et al., 2002; Gardiner et al.,
2003; Taylor et al., 2003). For secondary cell wall synthesis, dele-
tion of CESA4, CESA7, or CESAS resulted in a loss of rosette
assembly and the remaining CESAs were not trafficked to cell
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wall deposition sites (Taylor et al., 1999; Taylor et al., 2000; Gar-
diner et al., 2003; Taylor et al., 2003). Similarly, the temperature
sensitive mutant, radial swelling root 1 (rsw1) caused the rosette
to disintegrate, revealing the importance of CESA1 in the forma-
tion of an intact CSC during the synthesis of primary cell walls
(Arioli et al., 1998). Genetic data suggest that primary CSCs are
composed of CESA1, CESA3, CESA6 or CESAG-like proteins.
Since CESA1 and CESAS3 are essential components in the CSC
and CESA1 and CESAS share the highest amino acid similarity, it
is reasonable to speculate that CESA1 and/or CESA3 may reside
in a special position in the CSC. A chimeric study of CESA1 and
CESAZ3 indicated that these two CESAs have specific positions
within the CSC (Wang et al., 2006).

It has been speculated that the dimerization of CESA pro-
teins is important for the formation of the rosette. Attempts to
affinity purify an intact CSC using epitope-tagged CESAs led to
the isolation of CESA oligomers (Atanassov et al., 2009). The
oligomers might be intermediates in the assembly of the complex.
The zinc finger domain, the P-CR, and/or CSR domains are only
present in rosette forming organisms (Delmer, 1999), therefore,
these domains are the obvious candidates for involvement in ro-
sette assembly. An in vitro assay revealed that the zinc-binding
domains of GhCESA1 and GhCESA2 were capable of forming
homo-dimers and hetero-dimers (Kurek et al., 2002). Interactions
between CESAs have been demonstrated by co-immunoprecip-
itation experiments and yeast two-hybrid assays (Taylor et al.,
2003; Desprez et al., 2007; Timmers et al., 2009; Carroll et al.,
2012; Li et al., 2013). A recent 3-D model of the central domain
of CESA indicates that the P-CR and CSR domains may play a
role in rosette assembly (Sethaphong et al., 2013), however, it
remains to be determined how the P-CR and/or CSR domains
are involved in the interaction (Carroll et al., 2012; Li et al., 2013).

3.3. Functions of the rosette

Formation of crystalline cellulose requires a simultaneous syn-
thesis of multiple glucan chains through the plasma membrane
rosettes. The rosettes are thought to have two distinct functions:
intracellular polymerization of glucan chains and extracellular as-
sembly of glucan chains into crystalline microfibrils (Arioli et al.,
1998). The exact number of glucan chains in an elementary cel-
lulose microfibril remains controversial. The most popular model
predicts that 36 glucan chains are synthesized simultaneously by
one single rosette (Scheible et al., 2001; Doblin et al., 2002). This
prediction implies that 36 enzymatically active CESAs comprise
each six-lobed rosette with each lobe being comprised of a hex-
amer of CESAs. It remains a challenge to express CESAs in vitro
and test whether all of the ten CESAs in Arabidopsis are indeed
enzymatically active. If some of the CESAs are not enzymatically
active but rather acting as a scaffold, it poses an interesting situa-
tion in which the spacing of individual glucan chains may vary and
may affect the crystallization process.

As of yet, a crystal structure of a CESA protein from higher
plants has not been obtained. However, two recent studies have
provided significant progress in revealing the structure of cellu-
lose synthases. The first crystal structure of a cellulose synthase
has been solved from the bacterium, Rhodobacter spaeroides,



and the first predicted tertiary model of the central cytosolic do-
main of a plant CESA has been revealed (Morgan et al., 2013;
Sethaphong et al., 2013). The crystal structure of bacterial CESA,
BcsA, supports the involvement of the D,D,D,QXXRW in cataly-
sis and the idea that newly synthesized glucan chains are trans-
ported across the plasma membrane through a pore composed
of CESA transmembrane domains. The bacterial crystal structure
also provides important implications on CESA function in higher
plants. In support of this claim, the predicted structure of the cen-
tral domain of a cotton CESA is superimposable with the crys-
tal structure of the bacterial CESA, BcsA. Consistent with these
structural analyses, the Arabidopsis dominant negative mutant,
thanatos (Pro578Ser), maps to the invariant QTPH sequence of
bacterial BcsA, indicating that the catalytic base function of this
amino acid might be conserved (Daras et al., 2009; Morgan et al.,
2013). The predicted tertiary structure of the cotton CESA sug-
gests that the P-CR and the CSR domains of cotton CESA fold
into distinct subdomains on the periphery of the catalytic region
(Morgan et al., 2013; Sethaphong et al., 2013). The putative func-
tions of the P-CR and the CSR may include CSC subunit as-
sembly and interactions with factors involved in the regulation of
cellulose synthesis (Sethaphong et al., 2013). In comparing the
model of cotton CESA to Arabidopsis sequences, it was revealed
that many of the existing Arabidopsis CESA mutation sites are
located near the predicted catalytic region. For example, CESA1
E779K (rsw1-45), CESA8 D683N (irx1-1), CESA1 D780N (rsw1-
20), and CESA7 D524N reside in the catalytic core (Taylor et al.,
2000; Beeckman et al., 2002; Liang et al., 2010; Sethaphong et
al., 2013)(Figure 2). While the validation of the model requires
additional experiments, the model provides valuable insights into
the mechanism of cellulose synthesis in higher plants.

Calcofluor disrupts the crystallization of cellulose in Aceto-
bacter xylinum presumably by interfering with inter-chain hydro-
gen bonding. This disruption of cellulose microfibril assembly was
accompanied by a four-fold increase in the rate of glucose polym-
erization (Benziman et al., 1980; Haigler et al., 1980). These ob-
servations form the basis of a hypothesis that polymerization and
crystallization are coupled processes during cellulose biosynthe-
sis. It was proposed that crystallization occurs after the glucan
chains have exited the cellulose synthase pores. The structure
of BcsA-BesB from Rhodobacter sphaeroides suggests that glu-
can synthesis and translocation is a coupled process in which
the nascent glucan chain is extended by one glucose molecule
at a time (Morgan et al., 2013). If this structure holds true for
Acetobacter xylinum, the rate of polymerization will be limited not
only by the time required for glucan chains to bundle and crystal-
lize but also by the rate of glucan translocation. Unlike bacteria
in which the linear CSCs are stationary with respect to cell sur-
face, rosette CSCs in plants and algae move within the plane of
plasma membrane. In Arabidopsis, fluorescently tagged CESAs
were observed to move through the plasma membrane at an av-
erage speed of 300-350 nm/min. The velocity of CSC movement
through the plasma membrane provides a parameter by which
the polymerization rate of glucan chains can be measured (Pare-
dez et al., 2006). Recently it was shown that CESA14°%% and CE-
SA3™42 mutants displayed reduced crystalline cellulose content
and crystallite size, accompanied by 16% and 8 % increase of
velocity of CSCs, respectively (Harris et al., 2012). Although the
increase of reaction rate in plants might not be comparable to
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that of bacteria, these results provide evidence that plants may
share a conserved mechanism to couple the polymerization rate
with crystallization. Furthermore, overexpression of a cellulose-
binding domain (CBD) in poplar resulted an increase in cellulose
production, indicating that the crystallization process might also
influence the polymerization rate in higher plants (Levy et al.,
2002).

Interestingly, the quinoxyphen-resistant mutant, CESA14903V,
aligns with the Tyr455 residue in transmembrane domain 6 of
BcsA, which forms a hydrogen bond to the translocating glucan,
suggesting that quinoxyphen might affect the translocation of the
glucan rather than the synthesis of the glucan (Morgan et al.,
2013). It is possible that this mutation affects the configuration of
the nascent chain before crystallization, which leads to an affect
on the crystallinity of the elementary microfibril and the size of the
microfibril. Even if crystallization is a rate-limiting factor for glucan
polymerization in higher plants, the difference in magnitude of the
influence of crystallization on polymerization rate in bacteria com-
pared to Arabidopsis suggests that regulatory mechanisms of the
cellulose synthesis complex differ in the two evolutionarily distant
species. Cellulose crystallization in bacteria occurs after glucan
chains have been transported out of the cell (Ross et al., 1991),
whereas the crystallization of glucan chains in higher plants might
be a function of the CSC. If polymerization and crystallization are
indeed tightly coupled in cellulose biosynthesis in plants, the time
required for glucan chains to bundle and crystallize may limit the
rate of polymerization.

3.4. In vitro cellulose synthesis

Attempts to purify enzymatically active CSCs have been unsuc-
cessful. As of yet, in vitro synthesis of cellulose using biochemical
approaches has not been established in higher plants. The use of
membrane fractions purified from plant tissues has demonstrated
limited in vitro cellulose synthesis activities (Okuda et al., 1993;
Kudlicka et al., 1995; Kudlicka et al., 1997; Lai-Kee-Him et al.,
2002; Ohlsson et al., 2006; Cifuentes et al., 2010). However, rath-
er than cellulose, callose (3-1,3-glucan) appears to be the major
product in these limited successful attempts. The disintegration
of rosettes in rsw1 mutants indicates that production of crystal-
line cellulose may require an intact rosette (Arioli et al., 1998).
This may explain the difficulties in attempting to purify active com-
plexes for in vitro cellulose synthesis as the purification of intact
rosettes is challenging. It has been proposed that structural lipids
of the plasma membrane may play an important role in keeping
the CSCs intact (Guerriero et al., 2010). The role of lipids in cel-
lulose synthesis in vivo has been supported by the observation
that lipids of the sterol family are crucial for cellulose synthesis
and cell elongation (Schrick, 2004). It is an attractive idea that the
rosette is embedded in a membrane microdomain with a special
lipid composition that is required for the integrity of the rosette
and the regulation of cellulose synthesis (Guerriero et al., 2010;
Schrick et al., 2012). Nonetheless, a comprehensive character-
ization of all of the components necessary for maintaining the
integrity and the activity of the rosette will be required to develop
a successful in vitro cellulose synthesis assay in higher plants.
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3.5. Genetic studies of CESA genes

Cellulose microfibrils are the major components in both primary
and secondary cell walls. Therefore, the content and organiza-
tion of cellulose microfibrils determine cell wall properties and
ultimately control plant development. In Arabidopsis, cellulose
deficiency in primary cell walls leads to a reduction in cell ex-
pansion (Somerville, 2006; Lei et al., 2012b) (Figure 2 and Table
1). Mutations in either of the two essential CESAs, CESAT or
CESAS3, caused abnormal morphogenesis during embryo de-
velopment (Arioli et al., 1998; Beeckman et al., 2002; Gillmor et
al., 2002; Daras et al., 2009). During post-embryonic develop-
ment, the reduced cell expansion phenotype results in reduced
cell elongation and exaggerated radial expansion in epidermal
cells of dark grown hypocotyls and in roots of light grown seed-
lings (Baskin, 2005; Crowell et al., 2010a). For example, the first
identified CESA mutation radial swelling root 1 (rsw1), a mutation
of A589V in Arabidopsis CESA1, showed an enhanced radial ex-
pansion defect at the restrictive temperature (Arioli et al., 1998). A
null mutant of CESAG6 affected the normal cell morphogenesis in
both root and etiolated hypocotyls (Desnos et al., 1996; Fagard et
al., 2000b). Reverse genetic analyses revealed that the CESA6
like genes, including CESA2, CESA5, and CESA9 are collectively
essential for cellulose synthesis (Desprez et al., 2007; Persson
et al., 2007). Interestingly, the loss of function mutant of CESA5
or CESAQ9 also altered seed coat mucilage structure (Stork et al.,
2010; Harpaz-Saad et al., 2011; Mendu et al., 2011b; Mendu et
al., 2011a; Harpaz-Saad et al., 2012).

Defects in secondary wall cellulose synthesis are represented
by collapsed or irregular xylem cells in the vasculature and re-
duced mechanical strength in fiber cells (Turner et al., 1997). Ir-
regular xylem (irx) mutants such as irx71-1, irx3 and irx5 encode
CESAS8, CESA7 and CESA4, respectively (Taylor et al., 1999;
Taylor et al., 2000; Taylor et al., 2003). Irx71-1 has a mutation in
aspartic acid 683 (D683N), which is highly conserved among all
plant CESAs. Loss of function of any single secondary CESA
causes a complete xylem morphology defect, indicating that each
secondary CESA is important for proper function of the whole
complex (Taylor et al., 2000). Collapsed xylem vessels in several
exigua (exi) mutants, which were mapped to CESA4, CESA7,
and CESAS8, caused a reduction in water transport capacity and
reduced the cell expansion of cell types that do not form second-
ary cell walls, presumably due to turgor pressure defects (Rubio-
Diaz et al., 2012). Fragile fiber 5 (fra5), a dominant mutant of
CESA7, caused a reduction in cellulose content and thickness
of the secondary wall of fiber cells (Zhong et al., 2003). Cellu-
lose synthesis inhibitors such as isoxaben and quinoxyphen have
been used in genetic screens for resistant proteins (Brabham et
al., 2012). Two CESA mutants, ixr1 and ixr2 conferred resistance
to isoxaben (Scheible et al., 2001; Desprez et al., 2002) and a
CESA3 mutant was resistant to quinoxyphen (Harris et al., 2012).

Altered cellulose synthesis affects the physical and structural
properties of the cell wall. Plant cells can sense the changes in the
wall through cell wall integrity sensing mechanisms (Wolf et al.,
2012). For example, deficiency in cellulose synthesis in primary
cesa mutants is often accompanied by excessive deposition of
lignin in non-lignified cells (Cano-Delgado et al., 2003; Hematy et
al., 2007). Excessive lignification is also seen in ctl/1 (At1905850),
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a non-CESA mutant with defects in cellulose synthesis (Zhong
et al., 2002). Although the molecular mechanism by which a re-
duction in cellulose biosynthesis triggers the lignification is un-
known, it has been speculated that it is part of a response to cell
wall damage. Consistent with the cell wall damage hypothesis,
lesions in primary CESAs induced accumulation of jasmonic acid
and ethylene, two plant hormones that have a major role in plant
defense, indicating that cellulose deficiency mimics the effect of
physical damage or certain biotic stresses (Ellis et al., 2001; Ellis
et al., 2002; Cano-Delgado et al., 2003).

Inhibition of cellulose synthesis also alters plant hormone bio-
synthesis or signaling. A mutation in CESA3 (repp3) has been
associated with altered PIN polarity that is essential for auxin flow
in plants (Feraru et al., 2011). Given the importance of auxin traf-
ficking during embryogenesis, it is possible that the defects in
embryogenesis seen in CESA1 mutants might, to some degree,
result from altered auxin transport (Beeckman et al., 2002). Muta-
tions in all three secondary CESAs confer enhanced resistance
to the bacterium, Ralstonia solanacearum, and the necrotrophic
fungus, Plectosphaerella cucumerina, presumably through an ab-
scisic acid (ABA) dependent pathway (Chen et al., 2005; Hernan-
dez-Blanco et al., 2007). Consistent with altered ABA synthesis,
mutations in CESAS8 (lew2) are more tolerant to drought stress
and accumulate ABA (Chen et al., 2005).

3.6. Non-CESA genes involved in cellulose synthesis

Through forward genetic screens, many non-CESA encoding
genes have also been identified to be involved in cellulose syn-
thesis in primary cell walls (Hauser et al., 1995; Reiter et al., 1997;
Nicol et al., 1998; Lane et al., 2001; Lukowitz et al., 2001; Burn et
al., 2002; Gillmor et al., 2002; Pagant et al., 2002; Williamson et
al., 2002; Scheible et al., 2003; Gillmor et al., 2005) (Table 1). It
remains to be determined whether any of the corresponding non-
CESA proteins are directly or indirectly associated with CSCs.
Nevertheless, these mutants indicate that cellulose synthesis in
higher plants is an intricate and regulated process.

Some well-characterized cellulose deficient mutants include
COBRA (AT5G60920), COBL4 (AT5G15630), POM-POM1
(AT1G05850), KOBITO1 (AT3G08550), and KORRIGAN1
(AT5G49720). COBRA (COB1) encodes a GPl-anchored extra-
cellular protein (Schindelman et al., 2001). cob1 disrupts cellulose
microfibril orientation and COB1 localizes to microtubule-like struc-
tures. Therefore, COB1 has been proposed to be involved in the
organization of cellulose microfibrils through a microtubule-related
function (Roudier et al., 2005). A COB1 paralog (COBL4/irx6) is
involved in cellulose synthesis of secondary cell walls (Brown et al.,
2005). Mutations in POM-POM1/CTL1, which encode a putative
chitinase, cause dwarfism and cellulose deficiency (Hauser et al.,
1995; Zhong et al., 2002). CTL1 might affect cellulose synthesis
through an interaction with cellulose (Sanchez-Rodriguez et al.,
2012). The KOBITO1/ELD1/ABI8 gene was isolated from screens
for mutants with cellulose deficiency and dwarfism, and in screens
for mutants with ABA insensitivity (Pagant et al., 2002; Lertpiri-
yapong et al., 2003; Brocard-Gifford et al., 2004). Similar to the
cob1 mutant, the cellulose microfibrils of kobito1 were mis-oreinted
in epidermal cells of root elongation zone (Pagant et al., 2002).



Lesions in KORRIGAN1 (KORT1) resulted in defects in cellu-
lose synthesis in both primary and secondary cell walls, including
defects in cytokinesis and unrestricted cell proliferation, root radial
swelling, dwarfism and collapsed xylem (Nicol et al., 1998; Zuo et
al., 2000; Lane et al., 2001; Sato et al., 2001; Szyjanowicz et al.,
2004; Paredez et al., 2008). KOR1 encodes a putative membrane
bound $-1,4 endoglucanase (Nicol et al., 1998; Rudsander et al.,
2008; Liebminger et al., 2013). KOR1 from Brassica napus that
was heterologously expressed and purified in Pichia pastoris was
able to digest non-crystalline cellulose but not crystalline cellu-
lose or xyloglucan (Molhoj et al., 2001). Similar enzymatic activity
has been observed in a KOR1 ortholog from poplar (Master et al.,
2004). GFP-KOR1 was localized to the Golgi apparatus, endo-
somal compartments and the plasma membrane in Arabidopsis
(Robert et al., 2005; Crowell et al., 2010b). In bacteria and Rhi-
zobium, a cellulase gene is part of the cellulose synthase operon
and plays an essential role in cellulose synthesis (Hayashi et al.,
2005). KOR1 has several proposed functions including: cleaving
of a sitosterol-glucoside, a putative primer for cellulose synthe-
sis initiation (Molhoj et al., 2002; Peng et al., 2002); removing or
modifying erroneous glucan chains; and releasing the CSCs from
the growing glucan chains at the end of cellulose microfibrils (Ni-
col et al., 1998; Delmer, 1999). These proposed functions might
suggest a direct association exists between KOR1 and CSCs.
However, localization studies indicate that KOR1 and CSCs lack
a tight association (Szyjanowicz et al., 2004). Immunoprecipita-
tion experiments have also failed to prove a direct interaction be-
tween KOR1 and CESAs (Desprez et al., 2007). When the KOR1
ortholog, PttCel9A, was superimposed onto the crystal structure
of a homologous bacterial enzyme, it revealed key differences in
the active sites (Master et al., 2004). The lack of a few key deter-
minants for substrate binding may explain why the poplar ortho-
log has such low catalytic activity. The Arabidopsis root-swelling
mutant, rsw2, which is a KOR1 allele, has a defect in crystalline
cellulose production at restrictive temperatures, a phenotype that
is similar to that of rsw1 (Lane et al., 2001). Together with the
Golgi localization of GFP-KOR1, it might be possible that KOR1 is
important for maintaining an intact rosette. Overall, KOR1 might
be a multi-functional protein in regulating cellulose synthesis.

Similar to cesa? and cesa3 mutants, lesions in enzymes in-
volved in N-glycosylation show embryo defects and cellulose
deficiency (Lukowitz et al., 2001; Gillmor et al., 2002). Although
CESA proteins have not been reported to be N-glycosylated, it is
possible that N-glycan modification is required for proteins that
are functionally associated with CSCs. For example, Arabidop-
sis KOR1 is subjected to N-glycosylation at several positions and
evidence from in vitro studies with KOR1 and its orthologs from
Brassica napus have shown that N-glycan modification of KOR1
is important for its cellulase activity (Molhoj et al., 2001; Lieb-
minger et al., 2013).

Mutants with changes in sterol content also have cellulose
content deficiencies (Schrick, 2004). It has been proposed that
sterol-glucoside acts as a primer that is required for cellulose
synthesis (Peng et al., 2002). In addition to being a primer, ste-
rols may also be involved in the targeting of CSCs to the plas-
ma membrane and in maintaining rosette integrity and activity
(Schrick et al., 2012).
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4. REGULATION OF CELLULOSE SYNTHESIS

4.1. Regulation at the transcriptional level

CESAs that are essential for primary cell wall synthesis are con-
sidered housekeeping genes since every plant cell is surround-
ed by a primary cell wall. Consistent with the this idea, CESAT,
CESA3 and CESAG transcripts are accumulated at high levels
ubiquitously (Hamann et al., 2004). The co-expression of primary
CESAs and secondary CESAs are consistent with the hypothesis
that CSCs consist of at least three isoforms for cellulose synthe-
sis in primary and secondary cell wall (Brown et al., 2005; Pers-
son et al., 2005). A transgenic line in which the CESA6 promoter
drives the expression of CESA2 cDNA complements a cesa6™
mutant phenotype, suggesting that CESA2 is capable of replac-
ing CESAG in the CSC. Further supporting the transcriptional co-
regulation of CESAs, the transcription of CESA2 and CESA6 was
regulated by ethylene in a similar fashion (Hamann et al., 2004).

Hormones can have various effects on the expression of CE-
SAs. For example, brassinosteroid (BRs) biosynthesis or percep-
tion deficiency is accompanied with defects in cellulose synthesis
(Schrick et al., 2012). Exogenous application of BR recovers the
deficiency of CESA expression in the BR biosynthesis mutatnt,
det2-1 (AT2G38050), but not in the BR receptor mutant, bri1-301
(AT4G39400), suggesting that BR signaling is important for tran-
scriptional regulation of cellulose biosynthesis (Xie et al., 2011).
Consistent with this hypothesis, BES1 (AT1G19350), a BR-ac-
tivated transcription factor was shown to interact with upstream
elements of many CESA genes (Xie et al., 2011).

Transcriptional and genetic analyses have identified a cascade
of transcriptional events that are critical for secondary wall synthe-
sis initiation (Zhong et al., 2010). NAC domain transcription fac-
tors such as SECONDARY WALL-ASSOCIATED NAC DOMAIN
PROTEIN (SND1) (AT1G32770) and NAC SECONDARY WALL
THICKENING PROMOTING FACTOR (NST1) (AT2G46770) are
key regulators of the transcriptional cascade (Zhong et al., 2006;
Mitsuda et al., 2007). Double mutants of SND7 and NST1 re-
sulted in a loss of secondary wall formation in the fibers of stems,
which included a lack of cellulose (Zhong et al., 2007a). MYB46
(AT5G12870) and MYB83 (AT3G08500) transcription factors are
direct targets of NAC regulators (Zhong et al., 2007b; Zhong et
al., 2008; McCarthy et al., 2009). Over-expression of MYB46 or
MYB83 increased the expression of secondary CESA genes and
induced secondary cell wall deposition (Ko et al., 2009; McCar-
thy et al., 2009). MYB46 can directly bind to promoters of the
three secondary CESA genes as demonstrated by in vitro and in
vivo assays (Kim et al., 2012b). Two studies identified consensus
sequences for MYB binding, named the secondary wall MYB-
responsive element (SMRE) or the MYB46-responsive cis-regu-
latory element (M46RE), which have been shown to be present in
the promoter regions of many secondary cell wall related genes
(Zhong et al., 2012) (Kim et al., 2012a). The presence of multiple
copies of M46RE in the three secondary CESA genes suggests
that there is a direct transcriptional regulation of CESAs through
MYB46. Genetic complementation experiments confirmed that
M46REs are critical for cellulose synthesis in secondary cell walls
(Kim et al., 2013).
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4.2. Regulation at the post-transcriptional level

The regulation of CESA at the post-transcriptional level may in-
clude the regulation of CSC abundance, the lifetime of the CSC at
the plasma membrane, and the post-transcriptional modification
of the CSC. The abundance and lifetime of CSCs in the plasma
membrane may affect the amount and structural properties of cel-
lulose microfibrils. Studies suggest that CESA proteins may have
a short lifetime in the plasma membrane. For example, it was es-
timated that the lifetime of cotton CESA was less than 30 minutes
(Jacob-Wilk et al., 2006). CESA dimerization via the N-terminal
zinc-binding domain is regulated by redox state and may affect
the degradability of CESAs. Cotton GhCESA1 forms a dimer
under oxidative conditions and is more resistant to degradation
than the reduced monomeric form of GhCESA1, suggesting the
N-terminal cytosolic portion of higher plant CESA proteins may
be important for the stability of CESAs (Kurek et al., 2002). Even
though the zinc-binding domain is conserved among all CESAs
from higher plants, it remains to be tested whether other CESAs,
especially primary CESAs, are regulated in this manner.

Post-transcriptional modification may affect the stability and/or
activity of CESAs. The phosphorylation of CESAs has attracted
much attention because of the recent development in phospho-
proteomic studies and genetic manipulation of CESAs. Phos-
phoproteomic studies in Arabidopsis and maize discovered that
CESA proteins including CESA1, CESA3, and CESA5 are phos-
phorylated in conserved residues of the hypervariable region at
the N-terminus (Nuhse et al., 2004; Facette et al., 2013). The role
of phosphorylation of CESA1 was tested by complementing the
rsw1 mutant with mutated forms of CESA1 that prevent or mimic
phosphorylation. Six phosphorylation sites were mutated either
to alanine (A) to prevent phosphorylation or to glutamic acid (E)
to mimic phosphorylation. The complementation was assessed
by rescue of cell elongation, of cellulose content, and of CSC dy-
namics (Chen et al., 2010). This study suggested that phosphory-
lation at T166, S686, and S688 is important for normal cellulose
content and proper CSC velocity. Interestingly, a few of the single
amino acid CESA1 phosphorylation-mutants caused asymmetric
motility of CSCs in rsw1 mutant cells. The asymmetric movement
appears to rely on an intact cortical microtubule structure since
treatment with oryzalin, a microtubule depolymerizing drug, abol-
ished the asymmetric movement (Chen et al., 2010). The role
of CESA5 phosphorylation has also been investigated. CESA5
is presumably redundant with CESA6. While the native form of
CESAS5 did not rescue cesa6”'!, a phosphorylation-mimicking
CESA5 mutant with four serine residue substitutions was able
to partially complement cesa6”'-" (Bischoff et al., 2011). Phos-
phorylation of CESA7 has been documented in vivo at two ser-
ine residues within a non-conserved region. These two serine
residues were phosphorylated by plant extracts, resulting in pro-
tein degradation via a proteasome dependent pathway (Taylor,
2007). While the molecular mechanism of CESA phosphorylation
remains to be characterized, it is clear that phosphorylation of
CESAs plays multiple roles in regulating the stability and activ-
ity of the CSC as well as the relationship between the CSC and
microtubules.
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4.3. Localization and trafficking of the CSC

CSCs were observed in various locations including the plasma
membrane, Golgi-derived vesicles, and Golgi cisternae via trans-
mission electron microscopy of freeze-fracture replicas (Haigler
et al., 1986). Observing the dynamic behavior of CSCs in living
cells was not possible until the recent development of live im-
aging and fluorescent protein tagging of individual CESAs. Fu-
sions between GFP variants and several CESA subunits, namely
CESA3, 5, 6, and 7, did not interfere with the protein function
as demonstrated by complementation of the respective mutant
phenotypes with the fluorescent fusions (Gardiner et al., 2003;
Paredez et al., 2006; Desprez et al., 2007; Bischoff et al., 2011).
Presumably, multiple copies of each fluorescent CESA isoform
reside within a single CSC, allowing for the detection of individual
or multiple CSCs within each diffraction-limited particle at the
plasma membrane. Consistent with earlier freeze fracture studies
in which rosettes were detected within the periphery of the trans
face of the Golgi, fluorescent protein tagged CESAs also localize
to the periphery of the Golgi apparatus (Haigler et al., 1986; Crow-
ell et al., 2009; Gutierrez et al., 2009). Immunogold labeling of a
GFP-CESAS3 fusion showed GFP-CESAS localized to the ends
of medial and trans-Golgi cisternae (Crowell et al., 2009). The
presence of CSC containing vesicles moving beneath the sites
of secondary wall deposition has been inferred from fluorescence
loss in photobleaching experiments (Wightman et al., 2009). For
primary cell wall synthesis, CSC-containing vesicles may reside
in small subcellular compartments named small CESA compart-
ments (SmaCCs) or microtubule associated cellulose synthase
compartments (MASCs) (Crowell et al., 2009; Gutierrez et al.,
2009). Observations of SmaCCs/MASCs during cell expansion
and under certain stress treatments indicate that they may func-
tion as storage vesicles (Gutierrez et al., 2009). SmaCCs/MASCs
accumulate in epidermal cells at the base of hypocotyl where cell
expansion has ceased and CSC density is low (Crowell et al.,
2009). Osmotic stress and certain drug treatments deplete CSCs
from the plasma membrane, which may help to reveal SmaCCs/
MASCs and/or induce SmaCC/MASC formation. The function
of SmaCCs/MASCs has been interpreted in two different ways.
Either SmaCCs/MASCs function as delivery compartments that
appear before the insertion of CSCs into the plasma membrane
or SmaCCs/MASCs function as intracellular storage vesicles of
internalized CSCs. Upon drug treatment, rapid depletion of CSCs
from the plasma membrane corresponds with an apparent accu-
mulation of SmaCCs/MASCs, suggesting that SmaCCs/MASCs
might result from the internalization of CSCs (Crowell et al., 2009;
Gutierrez et al., 2009; Wightman et al., 2010a). SmaCCs/MASCs
have been observed to be associated to cortical microtubules and
track depolymerizing microtubule ends, which might be consis-
tent with SmaCC/MASC involvement in assisting the delivery of
CSCs along the cortical microtubules (Paredez et al., 2006; Gu et
al., 2010b; Gu et al., 2010a; Lei et al., 2012a; Li et al., 2012c). Al-
ternatively, the association of SmaCCs/MASCs with microtubules
might be related to the active transport of vesicles via microtubule
motors (Gutierrez et al., 2009).

In primary cell wall synthesizing epidermal cells, disruption
of actin using Latrunculin B, an actin-destabilizing drug, results
in reduced velocity of Golgi movement and aggregation of CSC



containing Golgi bodies (Gutierrez et al., 2009). As a result, a
much higher density of plasma membrane-localized CSCs ac-
cumulates in regions directly above the aggregated Golgi bod-
ies than in regions lacking underlying Golgi bodies (Gutierrez et
al., 2009). This suggests that actin is not crucial for the delivery
of CSCs from the Golgi to the plasma membrane but that actin
is important for the global distribution of CSCs. Although cortical
microtubules appear to mark the sites of CSC delivery in primary
cell walls, the depletion of microtubules did not affect the delivery
rate of CSCs, suggesting that the delivery of CSCs is indepen-
dent of microtubule function (Gutierrez et al., 2009). In develop-
ing xylem cells, patterning of secondary cell wall deposition is
characterized by bands of fluorescently labeled CSCs beneath
the sites of cellulose deposition (Wightman et al., 2008). In this
system, YFP-CESA7 labeled Golgi bodies exhibit rapid move-
ment along thick actin cables and a loss of actin bundles results
in the cessation of Golgi movement and the loss of CSCs bands,
suggesting that the actin cytoskeleton is required for the delivery
of CSCs during secondary cell wall formation (Wightman et al.,
2008). It appears that the removal of microtubules does not affect
the pausing of Golgi bodies, an event that is presumably associ-
ated with the delivery of CSCs at secondary cell wall thickening
sites (Wightman et al., 2008). It remains to be addressed whether
Golgi-mediated CSC insertion is responsible for the delivery of de
novo CSCs, recycled CSCs or both (Wightman et al., 2010b; Lei
etal.,, 2012b).

Clathrin-mediated endocytosis (CME) is a well-characterized
process by which eukaryotes internalize material from the plasma
membrane and has recently been implicated in the internalization
of CESAs from the plasma membrane (Bashline et al., 2013).
In CME, the adaptor protein complex 2 (AP2) acts in recruiting
plasma membrane protein cargo and clathrin triskelia of the clath-
rin coat to the sites of endocytic vesicle formation (Chen et al.,
2011). 2 (Atbg46630), also referred to as AP2M, is a subunit of
the AP2 complex in Arabidopsis (L. Segal, 1959; Li et al., 2012a;
Bashline et al., 2013; Yamaoka et al., 2013). Live cell imaging
analysis confirmed that the dynamics of p2 is associated with
CME in Arabidopsis (Bashline et al., 2013). This study also dem-
onstrated that CESA is a cargo protein of CME by displaying a
direct interaction between CESAs and u2 in vitro, by observing
the participation of u2-YFP in the endocytosis of CESA6-mCherry
in planta, and by revealing that the abundance of YFP-CESA6
labeled CSCs at the plasma membrane is dependent on p2. This
study suggests that only a small fraction of CSCs are undergoing
internalization at any given time (Bashline et al., 2013).

The idea that CSCs are internalized from the plasma mem-
brane through CME was challenged by the sizes of cytoplasmic
portion of CSCs compared to the size of CME-derived vesicles
(Bowling et al., 2008; Crowell et al., 2009; Wightman et al., 2010a;
Bashline et al., 2011). The cytoplasmic portion of the CSC was
estimated to be 45-50 nm in width (Bowling et al., 2008) while
the diameter of CME-derived vesicles without the clathrin coat
was estimated to be an average of 30 nm in Arabidopsis (Dho-
nukshe et al., 2007; Li et al., 2012a). However, it is quite possible
that CSCs may become structurally defective before being inter-
nalized and therefore CSCs that are undergoing internalization
may contain a reduced number of subunits and have a reduced
overall size. Alternatively, the measurements of the cytoplasmic
portion of the CSC via TEM may be skewed by the association
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of accessory or regulatory proteins that bind to the CSC when it
is functioning, but that dissociate from the CSC prior to the inter-
nalization of the CSC (Bowling et al., 2008).

4.4. Microtubule cytoskeleton and CSC

The microtubule cytoskeleton is essential for controlling cell mor-
phogenesis in higher plants (Fisher et al., 1998; Burk et al., 2001;
Burk et al., 2002; Paradez et al., 2006; Hamant et al., 2008; Bou-
daoud et al., 2009). The anisotropic growth of most post mitotic
plant cells is determined by the transverse orientation (perpen-
dicular to the axis of elongation) of cellulose microfibrils. An inti-
mate relationship between microtubules and cellulose microfibrils
was postulated at the time of the discovery of the microtubule
cytoskeleton. In 1962, Green hypothesized that cytoplasmic el-
ements, later named microtubules, at the cell periphery deter-
mined the orientation of newly synthesized cellulose microfibrils,
and thereby determined the final shape of plant cells (Green,
1962; Ledbetter et al., 1963). The parallel alignment between
the orientation of cellulose microfibrils and the underlying cortical
microtubules forms the basis of the “alignment hypothesis” (Led-
better et al., 1963). Many cytological data support the alignment
hypothesis, although the microtubules do not predict the orienta-
tion of cellulose microfibrils in some cases (Hepler et al., 1964;
Baskin, 2001; Himmelspach et al., 2003; Sugimoto et al., 2003;
Wasteneys, 2004; Wasteneys et al., 2004). Two molecular mech-
anisms have been put forward to explain the alignment hypoth-
esis. In the “direct hypothesis”, CSCs are thought to be attached
to cortical microtubules via a direct or indirect interaction, which
causes the movement of CSCs and the synthesis of cellulose to
be guided by microtubules (Heath, 1974). In an alternative model,
the “bumper hypothesis,” cellulose synthesis is constrained spa-
tially by the presence of cortical microtubules that define channels
within which CSCs can move at the plasma membrane without a
physical link between the CSC and the microtubules (Giddings
et al., 1991). Recent live imaging provides convincing evidence
to support the direct hypothesis. By dual labeling microtubules
and CSCs using different fluorescent proteins, CSCs were ob-
served to move along the underlying track provided by the cortical
microtubules (Paredez et al., 2006) (Figure 3). The association
between CSCs and the cortical microtubules was further demon-
strated by the concomitant reorientation of both CSC trajectories
and cortical microtubules upon blue light excitation and oryzalin
treatment (Paredez et al., 2006). While the live imaging of the in-
timate association between CSCs and microtubules rules out the
bumper model, it does not differentiate between CSCs interacting
with microtubules directly or through an indirect mechanism via
other microtubule associated proteins (MAPs).

To identify putative MAPs that facilitate the association be-
tween CSCs and microtubules, a yeast two-hybrid screen was
performed using the central domain of primary CESAs (Gu et al.,
2010b; Gu et al., 2010a). Cellulose synthase interacting protein
1 (CSI1) (AT2G22125) was identified as an interaction partner of
the central domain of CESA6. CSI1 was shown to fit the criteria
for a CSC-microtubule linker protein in that CSI1 directly inter-
acted with CESAs in a yeast two-hybrid assay and CSI1 directly
interacted with microtubules in vitro (Baskin et al., 2012). In ad-
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Figure 3. Cellulose synthase complexes (CSCs) and microtubules. Confocal images of epidermal cells of dark grown Arabidopsis seedlings expressing
both YFP-CESA6 and RFP-TUAS. The coalignment of CSC trajactories and microtubules is evident in merged image. Time averaged image (duration 5

min, 5 sec interval) Scale bar = 10 mm.

dition, fluorescent protein-tagged CSI1 co-localized with CSCs in
planta and exhibited bidirectional motility that was identical to that
of CSCs, indicating that CSI1 is associated with CSCs in vivo
(Bringmann et al., 2012; Li et al., 2012c). Also supporting the role
of CSI1 as a linker protein, csi1 null mutants disrupted the asso-
ciation between CSCs and cortical microtubules in vivo (Lei et al.,
2012a, b; Li et al., 2012c).

In addition to mediating the interaction between CSCs and
microtubules, CSI1 also is required to maintain the normal ve-
locity of CSCs. Microtubules have been shown to modulate the
velocity of CSCs. The velocity of fluorescently labeled CESA5
in cesa6”°'"' background increases after the depletion of corti-
cal microtubules upon oryzalin treatment (Bischoff et al., 2011).
Prolonged treatment with oryzalin reduced the velocity of GFP-
CESAG labeled CSCs (Li et al., 2012c). It has also been report-
ed a shorter oryzalin treatment at a low concentration did not
significantly affect the velocity of CSCs containing GFP-CESA3
or YFP-CESAG, indicating that cortical microtubule structure is
not solely responsible for maintaining normal activity of CSCs
(DeBolt et al., 2007; Chan et al., 2010). Loss of CSI1 resulted in
reduced velocity of CSCs, which is comparable to the loss of mi-
crotubules upon prolonged treatment of oryzalin (Brown, 1999b;
Gu et al., 2010b; Gu et al., 2010a). It remains to be determined
whether CSl1-mediated activity of CSCs is a microtubule de-
pendent process.

The alignment hypothesis might be a simplified model of a more
complex association between cortical microtubules and cellulose
synthesis. It is more likely that microtubules have additional func-
tions in regulating cellulose biosynthesis. For example, microtu-
bules may regulate exocytosis via direct transport of vesicles con-
taining CSCs and their associated proteins such as KOR1 (Robert
et al., 2005; Fuijita et al., 2012). Cortical microtubules have been
proposed to change the composition of lipids in the plasma mem-
brane, which may influence cellulose synthesis (Fuijita et al., 2012).
It has also been observed that cortical microtubules compartmen-
talize endocytosis sites, a process capable of changing the physi-
ological status of the plasma membrane (Kakar et al., 2013). Over-
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all, cortical microtubules most likely act as a platform for regulating
many aspects of CSC related functions.

5. CONCLUDING REMARKS AND FUTURE DIRECTIONS

An understanding of the mechanism of cellulose synthesis in
higher plants is important not only due to the vast everyday use
of products that are made from cellulosic plant material, but also
due to the importance of cellulose biosynthesis in plant develop-
ment. Decoding the mechanism of cellulose synthesis in higher
plants should be a pivotal part of understanding plant evolution.
Cellulosic biofuel, an environmentally sustainable energy source,
has the potential to significantly change the global energy sup-
ply and to reduce our dependency on fossil fuels. The future for
economically adopting such biofuel is dependent on how well the
cellulose biosynthesis process is understood (Somerville, 2007;
Carroll et al., 2009; Pauly et al., 2010). Arabidopsis has provided
its wealth of genetic capability for understanding this process,
however many fundamental questions remain to be addressed.
For example, how is the rosette CSC assembled? Is there a prim-
er for cellulose synthesis? How is CSC activated in the plasma
membrane? What determines the lifetime of a CSC in the plasma
membrane? What is the force/energy to power the movement of
CSCs and how does it relate to mutants with defects in cellulose
synthesis? How is crystallization controlled considering that the
CSC is oriented perpendicular to the orientation of nascent micro-
fibrils? How do cellulose elementary microfibrils form bundles?
Many of these questions need innovations in the areas of cell
biology, biochemistry, biophysics and computational modeling.
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