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Here we report that phosphorylation status of S211 and T212 of the CESA3 component of Arabidopsis (Arabidopsis thaliana)
cellulose synthase impacts the regulation of anisotropic cell expansion as well as cellulose synthesis and deposition and
microtubule-dependent bidirectional mobility of CESA complexes. Mutation of S211 to Ala caused a significant decrease in the
length of etiolated hypocotyls and primary roots, while root hairs were not significantly affected. By contrast, the S211E mutation
stunted the growth of root hairs, but primary roots were not significantly affected. Similarly, T212E caused a decrease in the length
of root hairs but not root length. However, T212E stunted the growth of etiolated hypocotyls. Live-cell imaging of fluorescently
labeled CESA showed that the rate of movement of CESA particles was directionally asymmetric in etiolated hypocotyls of S211A
and T212E mutants, while similar bidirectional velocities were observed with the wild-type control and S211E and T212A mutant
lines. Analysis of cell wall composition and the innermost layer of cell wall suggests a role for phosphorylation of CESA3 S211 and
T212 in cellulose aggregation into fibrillar bundles. These results suggest that microtubule-guided bidirectional mobility of CESA
complexes is fine-tuned by phosphorylation of CESA3 S211 and T212, which may, in turn, modulate cellulose synthesis and
organization, resulting in or contributing to the observed defects of anisotropic cell expansion.

Cellulose microfibrils, composed of multiple (1→4)-
b-glucans, are the primary load-bearing component of
plant cell walls. In diffusely growing cells, cellulose
microfibrils are synthesized by plasma-membrane-
localized cellulose synthase (CESA) complexes. The
complexes were visualized by freeze-fracture electron
microscopy as hexagonal rosettes of 25 to 30 nm in

diameter (Saxena and Brown, 2005). They are thought
to be composed of three structurally similar CESA
proteins that are believed to be the catalytic subunits.
For primary wall cellulose synthesis, CESA1 and
CESA3 appear to be absolutely required, whereas
CESA2, CESA5, CESA6, and CESA9 are at least par-
tially redundant (Desprez et al., 2007; Persson et al.,
2007). Cellulose synthase coaligns with and moves bi-
directionally along cortical microtubules (Paredez et al.,
2006). A large cellulose synthase interacting protein
(CSI1) links microtubule and CESA complexes (Gu
et al., 2010), and two companion proteins of cellulose
synthase (CC1 and CC2) bind to microtubules and
promote microtubule dynamics (Endler et al., 2015).

CESA1, CESA2, CESA3, CESA5, CESA6, and CESA9
components of cellulose synthase are phosphorylated at
sites clustered in two hypervariable regions of the pro-
teins (Nühse et al., 2004; Roitinger et al., 2015). We pre-
viously showed that phosphorylation of some CESA1
residues modulated anisotropic cell expansion and bi-
directional mobility of CESA particles in a manner de-
pendent on microtubule status (Chen et al., 2010). In
diffusively growing hypocotyl cells of wild-type Arabi-
dopsis (Arabidopsis thaliana) seedlings, CESA particles
typically move with similar velocities in opposite direc-
tions along tracks of cortical microtubules (Paredez et al.,
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2006). However, in seedlings expressing any one of the
mutated CESA1 proteins (S162E, T165E, T166A, S167E,
S686A, and S688A), the complexes displayed asym-
metry in the rates of bidirectional movements, and
the asymmetry correlates with defects in anisotropic
cell expansion (Chen et al., 2010). Chemical depoly-
merization of microtubules eliminates the asymmetric
CESA particle movement in the mutant lines, suggest-
ing a phosphorylation-dependent interaction between
the primary wall CESA complexes and the microtu-
bules in diffusely growing cells (Chen et al., 2010).
Phosphorylation of CESA5 modulates migration of

CESA complexes containing the CESA6-related iso-
form, CESA5, which is coordinated by phytochrome
activation (Bischoff et al., 2011). Therefore, it was of
interest to examine if and how phosphorylation of
CESA3 regulates interactions of CESA particles with
cortical microtubules, particularly microtubule-guided
bidirectional synthesis and deposition of cellulose mi-
crofibrils. In this study, we mutagenized CESA3 S211
and T212 to Ala or Glu residues to examine how elim-
ination or mimicry of phosphorylation of the neigh-
boring residues modulates anisotropic cell expansion
and to explore molecular mechanisms underlying reg-
ulation of anisotropic cell wall expansion.

RESULTS

Effects of Phosphorylation of S211 and T212 on Diffuse
Growth of Primary Roots and Etiolated Hypocotyls

Primary roots and etiolated hypocotyls were mea-
sured to examine effects ofmutations of CESA3 S211 and
T212 on diffuse growth. Expression of wild-type CESA3
complemented the cesa3-1 mutation, and the elongation
of primary roots and etiolated hypocotyls was restored
to levels similar to those seen with ecotype Columbia

(Col-0; Fig. 1A). The CESA3 gene with an Ala substitu-
tion at S211 only partially complemented cesa3-1 and led
to a 28% decrease in length of primary roots and a 47%
decrease in length of etiolated hypocotyls as compared
with plants that expressed wild-type CESA3. Substitu-
tion of S211 with Glu had no significant effects on root
elongation and only slightly reduced hypocotyl elonga-
tion (Fig. 1A). The relatively neutral effects of the S211E
mutation on growth, compared with the negative effects
of S211A, suggest that phosphorylation of the S211 res-
idue results in a more active cellulose synthase. How-
ever, as noted later, S211A leads to more rapid
movement of cellulose synthase complexes and a sig-
nificant asymmetry in rates of movement, suggesting
that rate of movement is not necessarily a reliable indi-
cator of the quantity or quality of cellulose deposition.

By contrast to S211A, the T212A mutation did not
have significant effects on the growth of etiolated hy-
pocotyls and primary roots (Fig. 1A). However, the
T212E mutation caused a 43% decrease of etiolated
hypocotyl lengths, while its root lengths were not sig-
nificantly altered compared with plants that expressed
wild-type CESA3 (Fig. 1A). Thus, phosphorylation of
T212 causes an opposite effect on the activity of CESA
complexes to that of S211 in some tissues.

Effects on Tip-Growth of Root Hairs

Effects on root hair elongation were used to examine
the role of phosphorylation of S211 and T212 on tip
growth. While transgenic lines expressing the S211A
mutation showed reduced primary root lengths (Fig.
1A), its root hair length was comparable to the wild-
type control (Fig. 1B). Similarly, normal root hair
elongation was observed in the CESA3 mutant je5 (Fig.
1B), while it showed reduced root lengths (Fig. 1A). By
contrast, root lengths of S211E and T212E were

Figure 1. Lengths of primary roots and hypo-
cotyls (A) and root hairs (B) and images of root
hairs (C) of Col-0, je5, and cesa3-1 transgenic
lines containing wild-type CESA3 cDNA or
cesA3P mutants. A, For root measurements,
seedlings were grown in continuous light on
0.53MS plates containing 1% Suc at 22˚C for
7 d. For hypocotyl measurements, seedlings
were grown on 0.53MS plates containing 1%
Suc at 22˚C for 5 d in darkness. *P , 0.01,
**P, 0.001. Student’s t test (means6 SEs, n =
20-30 seedlings). B-C, For root hair measure-
ments, seedlings were grown in continuous
light on 0.53MS plates containing 1% Suc at
22˚C for 4 d. **P , 0.001. Student’s t test
(means6 SEs, n = 50-100 epidermal cells from
5-10 seedlings).
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comparable to the wild-type control (Fig. 1A), but their
root hair lengths were significantly reduced (Fig. 1B).
The results indicate that phosphorylation of S211 and
T212 inhibits root hair elongation and that the phos-
phorylation events have selective effects on the growth
of hypocotyls, roots, and root hairs.

Effects on Anisotropic Cell Expansion

The epidermal cell lengths of primary roots of the
transgenic lines expressing wild-type CESA3 were com-
parable to Col-0, i.e. 215 and 227 mm, respectively (Fig.
2A). The transgenic line expressing the S211A mutation
that displayed reduced root lengths also exhibited re-
duced epidermal cell lengths, i.e. 170 mm (Fig. 2A). By
contrast, the transgenic lines with relatively long roots,
such as S211E, T212A, and T212E, had relatively long
epidermal cells (Fig. 2A). Analysis of epidermal cell
lengths of etiolated hypocotyls also demonstrated that the
transgenic lines with reduced hypocotyl lengths were
accompanied by reduced epidermal cell lengths,while the

transgenic lines with normal hypocotyl elongation had
relatively long cells (Fig. 2B). These results suggest that
phosphorylation of S211 andT212 of CESA3 could lead to
either promotion or inhibition of anisotropic cell expan-
sion in rapidly expanding tissues.

Effects on Cell Wall Composition

Measurements ofmonosaccharide composition showed
that the transgenic line expressing S211A, which exhibited
abnormal organ and cell expansion, had slight but
significant reductions of crystalline cellulose in etio-
lated hypocotyls as compared with wild-type controls
(Fig. 3). However, cellulose contents of T212E were not
significantly reduced as compared with the wild-type
controls, and expression of the S211A and T212E mu-
tations did not cause any significant change in the
contents of other sugars (Fig. 3). By contrast, arabinose
contents of the mutant lines of S211E and T212A were
significantly reduced, and Gal contents of T212A were
significantly increased, while these mutations did not
cause changes in cellulose contents (Fig. 3). These effects
suggest the existence of regulatorymechanisms that adjust
cell wall composition in response to as-yet-unidentified
aspects of the process of cellulose deposition, or cellulose
amount, or quality.

Effects on Bidirectional Mobility of CESA Complexes

To examine directly the effects of the various muta-
tions on cellulose synthase activity, we visualized CESA
complexes in epidermal cells of dark-grown hypocotyls
using a functional YFP::CESA6 fusion expressed from
the native CESA6 promoter (Paredez et al., 2006).
Transgenic lines were created that contained both YFP::
CESA6 and CESA3 transgenes in a background that was
homozygous for both prc1 (Fagard et al., 2000) and cesa3-
1 (Persson et al., 2007). These lines were used to examine
effects of CESA3 mutations on bidirectional mobility of
CESA complexes and interactions of CESA complexes
with cortical microtubules.

Live cell imaging showed that the transgenic lines of
S211A and T212E showed a marked partitioning of
particle velocities moving in opposite directions by in-
creasing and decreasing the velocity toward one di-
rection over the other, respectively, as reflected by
bidirectional velocities derived from kymograph anal-
ysis of CESA complexes moving along individual
common linear tracks (Fig. 4F, O, S; Supplemental Table
S1). By contrast, the transgenic lines of S211E and
T212A that displayed patterns of organ and cell growth
similar to wild type showed similar bidirectional ve-
locities along microtubule tracks by kymograph anal-
ysis (Fig. 4C, I, L, S; Supplemental Table S1). While
bidirectional velocities of particles were significantly
reduced by T212A compared with wild-type CESA3,
the transgenic line of T212A showed normal organ and
cell growth, which was also observed with the S167A
mutant line of CESA1, indicating that reduced

Figure 2. Root epidermal cell lengths (A) and scanning electron mi-
croscope images of etiolated hypocotyls (B). A, Seedlings grown for 7 d
on 0.53 MS plates were stained with 1 mg/mL of propidium iodide in
water for 4 min. Images of epidermal cells, located in the approximate
middle of roots, were captured by a spinning-disk confocal microscope.
**P , 0.001. Student’s t test (means 6 SEs, n = 60-90 cells from 4 to 6
different roots). B, Images of 5-d-old hypocotyls were obtained by using
an environmental scanning electron microscope. Bar = 500 mm.
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bidirectional velocities does not necessarily result in
defects in anisotropic cell expansion.
Oryzalin, a drug that disrupts microtubules, was

applied to examine whether the observed discrepancy
of bidirectionalmovement of CESA complexes depends
upon interactions between CESA complexes and micro-
tubules. Kymograph analysis of CESAparticlemovement
in an S211A line indicated that, after oryzalin treatment,
CESA particle velocities no longer defined a bimodal
population (Fig. 4F, R, S).
All together, the results suggest that tissue or cell

morphology observed with the S211A and T212E mu-
tant lines ofCESA3 correlates with bidirectionalmobility
of CESA particles in the plasma membrane, particularly
with the velocity discrepancy of bidirectional movement
of CESA complexes, and the discrepancy relates to in-
teractions of CESA complexes with cortical microtu-
bules, as previously observed with some mutants of
CESA1 (Supplemental Table S1; Chen et al., 2010).

Effects on Cellulose Aggregation

Aggregation of cellulose microfibrils to macrofibrils
has been observed in the primary cell wall of maize by
atomic force microscopy (Ding et al., 2014). Real-time
imaging of cellulose using a fluorescence dye S4B has
also shown that cellulose exists in large fibrillar bundles
in the primary cell wall of Arabidopsis (Anderson et al.,
2010). Thus, it has been suggested that bundles of ag-
gregated cellulose microfibrils, not single microfibrils,
might be the key structural units in primary cell walls
(Thomas et al., 2013). In this study, atomic force

microscopy was applied to image the primary cell wall
from the upper hypocotyls of dark-grown seedlings. It
was confirmed by this study that cellulose existed
mainly in the form of fibrillar bundles in the cell wall of
expanding hypocotyl cells (Anderson et al., 2010; Ding
et al., 2014), and the diameter of the fibrillar bundles was
in the range of 20 to 150 nm (Fig. 5, B-F), comparable to
the size observed in the primary cell wall from maize
(Ding and Himmel, 2006). Mutations of CESA3 S211A
and T212E appeared to slightly affect the morphology of
cell wall structure (Fig. 5, C and F), particularly the for-
mation of fibrillar bundles, in comparison to S211E,
T212A, and the wild-type control (Fig. 5B, D, and E).
Fibrillar bundles of the S211A transgenic line appeared
to be thinner and to be heavily cross-bridged. The T212E
mutation appeared to alter the alignment of fibrillar
bundles. However, we did not obtain useful quantitative
measurements of the structural features on independent
samples. Thus, the images are useful only inasmuch as
they indicate that the mutations do not cause major ob-
vious disruptions of cellulose structure or cross-linking.

DISCUSSION

Tissue-Specific Regulation of Anisotropic Cell Expansion
by Phosphorylation of S211 and T212 of CESA3

To examine the functions of phosphorylation of S211
and T212 of CESA3, these residues were mutagenized
to either Ala, to prevent phosphorylation, or Glu, to
mimic phosphorylation. The resulting CESA3 mutants
were introduced into the null cesa3-1mutant for further

Figure 3. Monosaccharide analysis of hypocotyls. Seedlings were grown on 0.53MS plates containing 1% Suc at 22˚C for 5 d in
darkness. Cellulose content was calculated by subtracting the average amount of Glc released by 4% sulfuric acid hydrolysis from
the average amount of Glc released by 72% sulfuric acid treatment. Contents of neutral sugars were measured as the amount of
sugars released by 4% sulfuric acid hydrolysis. *P, 0.01, TukeyHSD test, compared to Col-0 andwild-type CESA3 (means6 SDs,
n = 3 biological reps).
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characterization. Our results indicate that altering these
residues has a significant effect on the growth of etio-
lated hypocotyls, but aminor effect on the elongation of

primary roots. The most pronounced phenotype was
caused by the T212E mutation, which caused a 43%
decrease in etiolated hypocotyl lengths, while its root

Figure 4. Kymograph analysis of bidi-
rectional movement of CESA complexes
in the wild type, S211A, S211E, T212A,
and T212E transgenic lines. Time-lapse
confocal images of YFP::CESA6 in hypo-
cotyl cells of etiolated seedlings grown at
22˚C for 3 d were used to measure CESA
complex velocity at room temperature.
Oryzalin treatmentwas conducted for 2 h
with 20 mM of oryzalin. To analyze bidi-
rectional movement of CESA complexes,
we defined the average axis of CESA
complexes movement in a given image
series of a cell as the major axis and
classified CESA particles as moving in
either upward (u) or downward (d) di-
rection along the major axis. A, D, G, J,
M, and P, Representative kymograph
displays effects of mutations on bidirec-
tional particle translocations, derived
from kymograph analysis of CESA parti-
cles moving along common linear tracks.
B, E, H, K, N, and Q, Average time pro-
jections of 61 frames representing 5 min.
C, F, I, L, O, and R, Histograms of particle
velocities calculated from kymograph
analysis of 50 to 200 particles randomly
selected to represent particles from a cell.
Similar results were obtained from dif-
ferent cells in different seedlings and their
mean values were presented in (S) and
Supplemental Table S1. (S) Mean values
of velocity discrepancy were calculated
from three to five different cells in three to
five different seedlings. For each cell, 25
to 100 pairs of CESA particles moving in
opposite directions along common tracks
in the plasma were used to calculate the
velocity discrepancy. Bar = 10mm in B, E,
H, K, N, and Q.
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length was not significantly altered compared with
wild-type CESA3 (Fig. 1A). The apparent tissue speci-
ficity of the effects of the T212E mutation cannot be

explained with currently available information. Per-
haps the simplest hypothetical explanation is that the
mechanism that interprets the phosphorylation status
of T212 in hypocotyls is not used in root elongation.
One possibility is that CESA complexes in hypocotyls
are different from that in primary roots, which causes a
differential response of cellulose synthase complexes to
phosphorylation status of T212. Whatever the case, the
phenomenon suggests the existence of cell- or organ-
specific regulation of cellulose synthase.

While rapidly growing tissues, such as etiolated hy-
pocotyls and roots, exhibit diffuse growth, root hairs
elongate through tip growth. Treatment of root hairs
with DCB, a cellulose synthesis inhibitor, causes
growing root hairs to burst rather than expand, dem-
onstrating the involvement of cellulose synthesis
(Favery et al., 2001; DeBolt et al., 2007). The mutants of
major primary-wall CESAs, including CESA3, display
root hair developmental defects to varying degrees, but
tip growth in these mutants was not abolished (Gu and
Nielsen, 2013). Thus, it is not clear how CESA proteins
are involved in the cellulose synthesis for root hair
growth. Mutants of CESA3 phosphorylated residues,
such as S211A, showed reduced primary root lengths,
but its root hairs were relatively normal compared to
wild-type controls (Fig. 1B). By contrast, the transgenic
line of S211E showed relatively long primary roots, but
its root hairs were relatively short (Fig. 1B), supporting
the idea that mechanisms underlying cellulose synthe-
sis for tip growth of root hairs are different from that for
diffuse growth of primary roots (Park et al., 2011).

Cellulose Aggregation to Fibrillar Bundles

While root hair elongation results from tip growth,
diffuse growth is achieved by anisotropic expansion of
all the cell surfaces (Baskin, 2005). A typical model for
diffuse growth is that while turgor pressure is isotropic,
cellulose microfibrils around the cell may limit expan-
sion to certain regions of a cell. Expansion of the cell
wall then requires eitherwidening of the spacing between
microfibrils (Marga et al., 2005) or slippage between them
(Cosgrove, 2005), or both. Polymer cross-bridges between
microfibrils are thought to resist these deformations of the
cell wall nanostructure and, thus, to control the rate of
growth (Park and Cosgrove, 2015).

In this study, we confirmed the previous finding that
cellulose exists in large fibrillar bundles in the primary
cell walls (Fig. 5; Anderson et al., 2010; Ding et al., 2014),
which might be an important mechanism for the reg-
ulation of cellulose-cellulose (Thomas et al., 2013),
cellulose-pectin (Wang et al., 2015), and cellulose-
xyloglucan (Park and Cosgrove, 2015) interactions. It
has been observed that ,8% of the cellulose surface is
available for cross-bridges with noncellulosic polymers
(Bootten et al., 2004; Dick-Pérez et al., 2011). Cellulose
aggregation to fibrillar bundles could partially con-
tribute to the reduced cellulose surface, as direct contact
of microfibrils in the bundles as well as that between
bundles might restrict the availability of cellulose

Figure 5. AFM height images of innermost layer of primary cell walls
from hypocotyl cells just below the hook of etiolated seedlings. A,
Microfibrils embedded in thematrixes of noncellulosic polymers (white
arrow) with the cell wall from the wild-type CESA3 transgenic line. B,
Fibrillar bundles (white arrow) observed with the cell wall from the
wild-type CESA3 transgenic line. C, Altered morphology of fibrillar
bundles (white arrow) of the S211A transgenic line; fibrillar bundles
appeared to be thinner and to be heavily cross-bridged. D and E, Fi-
brillar bundles (white arrow) observed with S211E and T212A trans-
genic lines, respectively. F, Altered alignment of fibrillar bundles (white
arrow) from the T212E transgenic line. Bar = 200 nm.
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surface for polymer cross-bridges (Thomas et al., 2013).
As CESA particles move bidirectionally along micro-
tubule tracks (Paredez et al., 2006; Chen et al., 2010), the
observed aggregation of cellulose microfibrils could
result from simultaneous synthesis and deposition of
cellulose microfibrils from multiple CESA particles
moving in opposite directions along microtubule tracks
(Paredez et al., 2006). A recent live cell imaging study
revealed that CESA complexes for the synthesis of
secondary wall cellulose also move bidirectionally
along microtubule tracks (Watanabe et al., 2015), indi-
cating a common mechanism for the regulation of me-
chanical properties of plant cell wall.

Bidirectional Deposition of Cellulose Microfibrils and Its
Potential Effects on Anisotropic Cell Expansion

It has been shown that microtubules that lay adjacent
to the plasmamembrane are bundled into arrays, while
randomly aligned and discordant microtubules lay
deeper in the cytoplasm (Barton et al., 2008). Organi-
zation of cortical microtubule arrays establishes polar-
ity in dark-grown hypocotyl cells of Arabidopsis (Dixit
et al., 2006). Common polarities were also observed in
light-grown hypocotyls cells, but in groups, generating
a mosaic of domains instead (Chan et al., 2007). Our
studies suggest that CESA complexes can read micro-
tubule polarity, leading to the asymmetry of bidirec-
tional mobility of CESA particles along microtubule
tracks, which can be removed upon depolymerizing
microtubules with oryzalin (Fig. 4; Chen et al., 2010). It
is noted that the asymmetry of bidirectional mobility of
CESA complexes closely correlates with abnormal tis-
sue and cell expansion (Supplemental Table S1). Plants
carrying the S211A mutation of CESA3 showed not
only asymmetrical bidirectional mobility of CESA
particles but also reduced cellulose content (Fig. 3), as
well as radial swelling and reduced elongation of rap-
idly expanding cells (Figs. 1 and 2). However, cellulose
content in plants carrying the T212Emutation of CESA3
was comparable to the wild-type control (Fig. 3), and
epidermal cells of etiolated hypocotyls were not obvi-
ously swollen while their lengths were significantly
reduced (Figs. 1 and 2), indicating that reduced cellu-
lose content is not solely responsible for the observed
defects in cell elongation.

It is interesting but challenging to examine if bidi-
rectional reading of microtubule polarity by CESA
complexes affects the lifetime of the CESA complexes in
the plasma membrane and, thus, microfibril synthesis
and deposition. If a mismatched length of oppositely
oriented microfibrils results from a bidirectional ve-
locity discrepancy of CESA particles, it might increase
the level of disorder at the interfaces between microfi-
brils or macrofibrils, modulating microfibril spacing,
packing and alignment (Fig. 6; Park et al., 2013; Lee
et al., 2014). This is consistent with the evidence that
fibrillar bundles or macrofibrils in the primary cell wall
are predominantly ribbon like, randomly arranged, and

sometime interwoven (Fig. 5; Ding et al., 2014), and that
somemicrofibril segments remain in direct contact with
one another (Thomas et al., 2013). Thus, modulating
microfibril spacing, packing, and alignment would af-
fect not only cellulose-cellulose but also cellulose-pectin
and cellulose-xyloglucan interactions (Figs. 5 and 6;
Park andCosgrove, 2015;Wang et al., 2015). Regulation
of bidirectional mobility of cellulose synthase com-
plexes by phosphorylation of CESA1 and CESA3 may
provide a mechanism for spatial and temporal control
of cell wall expansion.

In summary, our results suggest some aspects of the
mechanisms by which phosphorylation of CESA pro-
teins, particularly CESA1 and CESA3, plays a key role
in regulating anisotropic cell expansion.

MATERIALS AND METHODS

Construction of cesA3P Mutants

pCesA3-gateway, a Ti plasmid containing the CESA3 promoter flanking
recombination ATT sites, and a donor vector containing a CESA3 cDNA, were
constructed and used for site-directed mutagenesis as described in a previous
study (Chen et al., 2010). Sequence-verified constructs were introduced into
heterozygous plants of the Arabidopsis (Arabidopsis thaliana) Col-0 cesA3 mu-
tant (cesa3-1) by Agrobacterium-mediated transformation, then homozygous
cesa3-1 mutants carrying complementing T-DNA inserts containing various

Figure 6. Model for regulation of anisotropic cell wall expansion by
bidirectional deposition of cellulose. A, Bidirectional synthesis and
deposition of microfibrils results in cellulose aggregation to fibrillar
bundles or macrofibrils (Anderson et al., 2010), which are predomi-
nantly ribbon like (Ding et al., 2014), and some microfibril segments
remain in direct contact with one another (Thomas et al., 2013). B, In
the case of mismatched lengths of oppositely oriented microfibrils,
derived from discrepancy of bidirectional mobility of cellulose synthase
complexes, the spaces between one microfibril or macrofibril and the
next may increase, allowing more noncellulosic polymers (dashed
lines) to cross-bridge adjacent microfibrils or macrofibrils and thus re-
tard cell elongation. It is noted that in addition to cellulose-cellulose
interactions and cross-bridges between cellulose and noncellulosic
polymers, other properties, such as cellulose crystallite structure as well
as the packing, twisting, and ordering of microfibrils or macrofibrils,
may all contribute to the overall mechanical properties of the walls
(Fujita et al., 2011; Park et al., 2013).
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mutant alleles of CESA3 were used for experiments. All lines used for pheno-
typic measurements were also homozygous for the T-DNA insert.

Tissue and Cell Length Measurements

Standard methods were used for measurements of tissue and cell size as
described in a previous study (Chen et al., 2010). In brief, wild-type andmutant
seedlings were grown on the same plates for direct comparison. Images of
seedlings grown on vertically placed Murashige and Skoog (MS) plates were
captured by a scanner, and the image files were analyzed by ImageJ to measure
the lengths of primary roots or dark-grown hypocotyls. For measurements of
root epidermal cell length, 7-d-old light-grown seedlings were stained with
1 mg/mL of propidium iodide in water for 4 min, followed by several rinses in
13 phosphate-buffered saline solution. Images of epidermal cells, located in the
approximate middle of roots, were captured by a spinning-disk confocal mi-
croscope. Images of hypocotyl epidermal cells were obtained by using aQuanta
200 environmental scanning electron microscope (FEI) under a pressure of 130
Pa and a voltage of 12.5 kV with a low-vacuum detector.

Monosaccharide Analysis

Monosaccharide analysiswas performed as describedpreviously (Bauer and
Ibáñez, 2014). In brief, seedlings were grown for 5 d in dark in MS liquid me-
dium (pH 5.8) supplemented with 1% Suc. Seedling tissues were ground in
liquid nitrogen, followed by one extraction with 70% ethanol and three ex-
tractions with chloroform:methanol (1:1, v/v). From each sample, two 1-mg
aliquots of alcohol-insoluble residue were prepared. The first aliquot was
treated with 50 mL of 72% sulfuric acid at room temperature for 1 h. Sulfuric
acid was then diluted to 4% and the mixture was heated at 121°C for 1 h. The
second aliquot was treated with 1.45 mL of 4% sulfuric acid at 121°C for 1 h.
Released monosaccharides were analyzed using an ICS-3000 HPLC system
(Thermo Fisher Scientific) equipped with a pulsed-amperometric detector.
Cellulose content was calculated by subtracting the average amount of Glc
released by 4% sulfuric acid hydrolysis from the average amount of Glc released
by 72% sulfuric acid treatment. Contents of neutral sugars were calculated by
averaging the amount of sugars released by 4% sulfuric acid hydrolysis.

Atomic Force Microscopy

Hypocotyls of 3-d-old dark-grown seedlings were bisected longitudinally
and incubated in 2 M KOH at room temperature for 1 h and then in 1% Tween 20
for 30 min. After soaking, the samples were gently rinsed several times with
double distilled water until the pH reached neutral. These slices were placed
between glass slides under a load of 5 g for 5 min. The innermost layer of hy-
pocotyl cells just below the hook of etiolated seedlings was examined by a
multimode scanning probe atomic force microscopy with a NanoScope V
controller. Contact AFM was done in air at room temperature using an
SCANSYST-AIR probe with ScanAsyst imagingmode. All scans were recorded
as 510-3 510-pixel images. At least three images with different scan size (i.e. 1,
2, and 5 mm) were taken in the same scan area and at least three to five different
areas of the same cell were measured. The software NanoScope Analysis v1.10
was used for AFM operation and for further image processing.

Measurements of CESA Particle Velocity

Seeds were germinated on 0.53 MS agar and grown vertically in the
darkness for 3 d at 22°C. Seedlings were manipulated under a red safety light to
avoid the blue light response known to inhibit growth (Folta et al., 2003).
Seedlings were mounted between two cover slips in water with their apexes
pointing to the back of the microscope. Imaging of YFP::CESA6 particles was
performed in hypocotyl cells just below the hook of etiolated seedlings. YFP
was excited at 488 nm, and fluorescence was collected through a 525/50-nm
band-pass filter (Chroma Technologies, Brattleboro, VT). All image processing
was performed by using Metamorph (Molecular Dynamics, Sunnyvale, CA)
and ImageJ (W. Rasband, National Institutes of Health, Bethesda, MD). The
obtained sequential frames were averaged by using theWalking Average plug-
in (three-frame window). To correct for tissue movement during imaging,
subpixel frame alignment was performed using a nonlinear least squares al-
gorithm (StackReg plug-in for ImageJ; Thévenaz et al., 1998). Since frame
alignment can fail, fiducial markers in each data set were analyzed for drift, and
only those data setswith,135 nm of drift over 5minwere kept for analysis. The
fiducial markers used were intrinsic autofluorescent spots on cell walls.

Accession Numbers

Sequence data from this article can be found in TAIR (www.arabidopsis.org)
under the following accession numbers: CESA3 (At5g05170), CESA1
(At4g32410), CESA2 (At4g39350), CESA5 (At5g09870), CESA6 (At5g64740),
CESA9 (At2g21770), CC1 (At1g45688), CC2 (At5g42860), and CSI (AT2G22125).

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. Measurements of the rate of bidirectional move-
ment of CESA complexes in the various cesA1P and cesA3P mutants.
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