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Cellulose microfibrils are the basic units of cellulose in plants. The structure of these microfibrils is at least partly determined by
the structure of the cellulose synthase complex. In higher plants, this complex is composed of 18 to 24 catalytic subunits known
as CELLULOSE SYNTHASE A (CESA) proteins. Three different classes of CESA proteins are required for cellulose synthesis and
for secondary cell wall cellulose biosynthesis these classes are represented by CESA4, CESA7, and CESA8. To probe the
relationship between CESA proteins and microfibril structure, we created mutant cesa proteins that lack catalytic activity but
retain sufficient structural integrity to allow assembly of the cellulose synthase complex. Using a series of Arabidopsis
(Arabidopsis thaliana) mutants and genetic backgrounds, we found consistent differences in the ability of these mutant cesa
proteins to complement the cellulose-deficient phenotype of the cesa null mutants. The best complementation was observed
with catalytically inactive cesa4, while the equivalent mutation in cesa8 exhibited significantly lower levels of complementation.
Using a variety of biophysical techniques, including solid-state nuclear magnetic resonance and Fourier transform infrared
microscopy, to study these mutant plants, we found evidence for changes in cellulose microfibril structure, but these changes
largely correlated with cellulose content and reflected differences in the relative proportions of primary and secondary cell walls.
Our results suggest that individual CESA classes have similar roles in determining cellulose microfibril structure, and it is likely
that the different effects of mutating members of different CESA classes are the consequence of their different catalytic activity
and their influence on the overall rate of cellulose synthesis.

Plant cells are surrounded by a multilayered cell wall.
This composite structure is composed of a primary cell
wall that undergoes significant remodeling during cell
expansion. After reaching their final size and shape,
many cell types deposit the secondary cell wall, which is
considerably thicker and frequently more rigid. Conse-
quently, the secondary cell wall provides structural
support for the plant and also constitutes the majority of
plant biomass (Burton et al., 2010). Cellulose makes up
the largest component of the secondary cellwall that also
frequently consists of lignin and hemicellulose, making
cellulose, xylan, and lignin the three most abundant
natural biopolymers on Earth. Increasing interest in the

use of plant biomass as renewable feedstocks for the
production of biofuels and other specialty chemicals and
biomaterials has provided the impetus for understand-
ing the synthesis and breakdown of these polymers
(Pauly and Keegstra, 2008; Carroll and Somerville, 2009;
Kumar et al., 2016).

Cellulose is composed of linear chains of b-1,4-linked
Glc units. These chains align to form cellulose microfi-
brils, the basic structure of cellulose found in the cell
wall. In vascular plants, current models of cellulose
microfibrils estimate that there are 18 to 24 cellulose
chains in each microfibril (Fernandes et al., 2011;
Newman et al., 2013; Thomas et al., 2013; Wang and
Hong, 2016). Cellulose is synthesized at the plasma
membrane by the cellulose synthase complex (CSC).
The CSC can be visualized by electron microscopy and
forms a rosette structurewith 6-fold symmetry (Mueller
and Brown, 1980; Kimura et al., 1999). Although the
rosette structure appears to be conserved among the
green plants, there is variation in the size of the cellulose
synthesized, and the microfibrils deposited during
primary wall synthesis generally are smaller than those
in the secondary cell wall (Cosgrove and Jarvis, 2012).
These differences in size have been proposed to result
from the products of more than one CSC aggregating
and being incorporated into a single microfibril (Salmén,
2004; Li et al., 2016).
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The catalytic components of the CSC are the CESA
proteins, although a number of other proteins have
been shown to be associated with the complex (Gu
et al., 2010; Vain et al., 2014; Endler et al., 2015; Liu et al.,
2016). An analysis of higher plant CESA protein se-
quences suggests that they can be categorized into six
main classes (Carroll and Specht, 2011; Kumar and
Turner, 2015b). Three of these classes, CESA1, CESA3,
and CESA6, are responsible for producing cellulose in
the primary cell walls (Desprez et al., 2007; Persson
et al., 2007), while the other three classes, CESA4,
CESA7, and CESA8, make cellulose in secondary cell
walls (Taylor et al., 2003). However, a recent analysis of
CESA proteins from the moss Physcomitrella patens
suggests that separate CESAs are required for both
primary and secondary cell walls, but these CESA
proteins do not form separate classes and it seems likely
that a single CESA class is sufficient to make cellulose
(Norris et al., 2017). This implies that the requirement
for multiple CESA proteins in higher plants is not es-
sential for cellulose synthesis per se but may be ameans
of fine-tuning the regulation of cellulose synthesis in
response to various external cues. Several studies have
shown that phosphorylation is important for regulating
CESA catalytic activity, movement, and response to
external signals and that the modification of a single
class of CESAs can affect the rates of cellulose synthesis
(Chen et al., 2010; Sánchez-Rodríguez et al., 2017). The
influence of a single CESA class on the activity of the
entire CSC has been illustrated by a recent study that
overexpressed different members of the CESA6 class
(Hu et al., 2017), which resulted in significant changes
in cell shape, cellulose content, and cell wall thickness.

Higher plants use three classes of CESAs, and each
CESA appears to occupy a unique position within the
rosette (Kumar et al., 2017); consequently, there is an
opportunity to probe the relationship between CESA
subunit positionwithin the CSC and cellulosemicrofibril
ultrastructure. Mutants defective in cellulose deposition
in the secondary cell wall exhibit an irregular xylem (irx)
phenotype (Turner and Somerville, 1997). When first
described, it was noted that CESA8irx1-1 contains signifi-
cantly less cellulose than the wild type but significantly
more than knockout mutants in other CESA proteins,
such as cesa7irx3-1. Subsequent analysis has shown that
the mutation in CESA8irx1-1 is a point mutation that alters
Asp-683 of CESA8 to Asn (Taylor et al., 2000). Com-
parison of the sequence of CESA8 with other character-
ized glycosyltransferase family 2 members, and
particularly the crystal structure of the cellulose synthase
gene from Rhodobacter sphaeroides bacterial cellulose
synthase A (BCSA; Morgan et al., 2013; Kumar and
Turner, 2015b), indicates that Asp-683 forms part of the
invariant TED motif found in the catalytic site, with the
Asp residue likely to be the catalytic base, making it es-
sential for catalysis (Morgan et al., 2013). Consequently,
mutating this Asp may largely retain the structure of the
CESA protein, but it is unlikely to be able to catalyze the
formation of cellulose. The assumption is that, since an
individual complex involved in secondary cell wall

synthesis is made of three different CESA proteins
(CESA8, CESA7, and CESA4), the residual cellulose in
the walls of the cesa8irx1-1 mutant plants results from the
catalytic activity of CESA4 and CESA7 (Turner and
Somerville, 1997; Taylor et al., 2003). This result provides
an opportunity to examine whether all CESA proteins
within the CSC are equivalent or whether the cesa8irx1-1

mutant revealed something particular to only CESA8.
Available data suggest that the stoichiometry of CESA4,
CESA7, and CESA8 is 1:1:1 (Hill et al., 2014); however, if
they occupy different positions within the rosette, then
mutating individual CESAs may have a different effect
on cellulose synthesis.

In this study, equivalent Asp-to-Asn mutations were
introduced into putative catalytic motifs of Arabidopsis
(Arabidopsis thaliana) CESA4, CESA7, and CESA8 and
then transformed back into the corresponding cesa null
mutant. These mutations had different effects on both
cellulose content and plant growth. Mutations in
CESA4 had the smallest effect on cellulose content,
while mutations in CESA8 had the largest effect. Fur-
thermore, we found that, although equivalent muta-
tions in CESA7 and CESA4 exhibited only small
differences in cellulose content, the CESA4 mutants are
able to grow healthier and more closely resemble wild-
type plants. Solid-state NMR (ssNMR) and Fourier
transform infrared (FTIR) microspectroscopy were
used to examine the structure of the cellulose in these
mutants in order to improve our understanding of the
relationship between the CSC and cellulose microfibril
production in the secondary cell wall.

RESULTS

Mutations in the TED, DXD, and DDX Motifs of
Secondary Wall CESAs

We analyzed the cellulose content of plants contain-
ing single point mutations in the three CESA genes
essential for secondary cell wall-specific cellulose syn-
thesis: cesa8irx1-1 (D683N), cesa7irx3-1 (W859STOP), and
cesa4irx5-2 (W995STOP). Consistent with previous ob-
servations (Turner and Somerville, 1997), the cellulose
content of cesa8irx1-1 plants was found to be significantly
higher than that of cesa7irx3-1 and cesa4irx5-2 plants (Fig.
1A). We then made the cesa8irx1-1 equivalent TED motif
mutants in CESA8, CESA7, and CESA4 (Supplemental
Table S1), transformed them into the corresponding
null mutant, and measured the stem cellulose content.
Columbia-0 (Col-0) wild-type plants had a cellulose
content of about 33% of alcohol-insoluble residue (AIR),
while the cesa T-DNA mutants contained about 9%
cellulose in their cell walls. To allow for easy compari-
sons between different experiments, all cellulose con-
tent data throughout this article are expressed as
percentages of wild-type data, which results in the cesa
T-DNA mutants exhibiting about 25% of the wild-type
cellulose content. The TED motif mutants of CESA8
(CESA8D683N), CESA7 (CESA7D726N), and CESA4
(CESA4D748N) all had significantly higher cellulose
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contents than their background cesa T-DNA mutants,
exhibiting cellulose contents of 41%, 52%, and 54% of
wild-type values, respectively (Fig. 1B). The CESA8D683N

mutant that would be equivalent to cesa8irx1-1 actually
showed the poorest complementation, while those trans-
formed with CESA4D748N exhibited the highest complemen-
tation (Fig. 1B).
It is possible that differences in the level of comple-

mentation for the CESA8/7/4 TEDmutants result from
variation in the effects of these mutations on the cata-
lytic activity of the CSC. Consequently, we made two
further series of mutations in two other highly con-
served motifs that also are believed to be essential for
CESA activity. We mutated the first Asp of the DXD
motif that is required for binding of the UDP-Glc sub-
strate and the highly conserve DDX motif that also is
found in the catalytic site (Morgan et al., 2013;
Supplemental Table S1). Throughout this article, these
mutations are referred to as TED,DXD, andDDX, with
the mutated Asp highlighted in boldface. These Asp
residues were mutated to Asn, and the mutated genes
were placed under the control of their native promoters
and transformed into the corresponding null cesa
T-DNA mutants. All these mutants had significant in-
creases in cellulose content compared with their back-
ground T-DNAmutants (Fig. 2A). The cellulose content
of the DXD motif mutants was very similar to that of
the TED motif mutants and constituted 40%, 51%, and
57% of wild-type values for CESA8, CESA7, and
CESA4, respectively (Fig. 2A). Again, we found that
there was significantly more cellulose in the CESA4
mutant than in the CESA8 mutant, as we had observed

previously for the TEDmutants. By contrast, we found
that the DDX mutants had a much smaller effect on
cellulose content, with cellulose contents of 57%, 59%,
and 67% of wild-type values for CESA8, CESA7, and
CESA4, respectively (Fig. 2A).

We analyzed up to six independent lines for the cesa
T-DNA mutants transformed with wild-type CESAs
and TED/DXD/DDX motif mutants for protein ex-
pression using qualitative western blotting. The anal-
ysis showed that the CESA proteins could be detected
in all lines (Supplemental Fig. S1). Although the level of
expression was variable, the variation in expression
levels exhibited no obvious correlation with the level of
complementation for plant height or cellulose content.

Variation in the Effects of Mutating Individual CESA
Proteins Is Independent of the Genetic Background

The original cesa8irx1-1 allele was isolated in the
Landsberg erecta (Ler) ecotype, and we consistently
observed that mutants in the Ler background grew
better than equivalent mutants in the Col-0 back-
ground. Furthermore, cesa8irx1-1 appeared to have
slightly more cellulose (48%) than the CESA8D683N

mutant transformed into cesa8irx1-7, a T-DNA allele in
the Col-0 ecotype (41%; Fig. 1). To test whether some of
the differences observed may vary between back-
grounds or alleles, we transformed the TED motif Asp
mutants into three different sets of alternative mutant
backgrounds (Fig. 3). We first used an alternative set of
T-DNA alleles in the Col-0 background. These three

Figure 1. Cellulose content of the plants with point mutations in the secondary wall CESA genes. A, Data for three cesa mutants,
cesa8irx1-1 (D683N), cesa7irx3-1 (W859STOP), and cesa4irx5-2 (W995STOP). B, Secondary wall CESAT-DNA null mutants (cesa8irx1-7,
cesa7irx3-7, and cesa4irx5-4) were transformed with wild-type (WT) genes (CESA8, CESA7, and CESA4, respectively) or TED motif
Asp-to-Asnmutants (CESA8D683N,CESA7D726N, andCESA4D748N, respectively). Measurementswere taken from single plants at the
T1 stage. N refers to the number of individual transformants analyzed. Cellulose content is expressed as a percentage of the wild-
type value. Error bars indicate SE. Significance levels from univariate ANOVA are indicated for comparison between the genotype
and the background mutant (white asterisks inside each bar) or between particular genotypes (black asterisks and lines above the
bars): ***, significant at 0.001; **, significant at 0.01; and *, significant at 0.05.
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mutants, cesa8irx1-4, cesa7irx3-6, and cesa4irx5-6, all contain
T-DNA insertions in exons of the genes and are likely to
be complete knockouts. The second alternative set of
backgroundmutants consisted of cesa7irx3-1 and cesa4irx5-2,
which are both nonsense mutations in the Ler back-
ground. To complete this set, we used cesa8irx1-1 and
compared it with the wild type. Finally, as there were
no T-DNA insertions in CESA genes in the Landsberg
ecotype available, cesa8irx1-7, cesa7irx3-6, and cesa4irx5-4

mutants were backcrossed with the Ler wild type for
five generations, selecting for the characteristic Ler
morphology while retaining the T-DNA insertions. For
all three sets of alternativemutant alleles, we obtained a
pattern of complementation similar to that observed for
the original T-DNA mutant alleles (Fig. 3). Thus, all
three sets of the TED Asp mutants had significantly
more cellulose than the background mutants (cesa8irx1-4,
cesa7irx3-6, and cesa4irx5-6; cesa7irx3-1 and cesa4irx5- 2; and

cesa8irx1-7L, cesa7irx3-6L, and cesa4irx5-4L), and the order of
complementationwas CESA8,CESA7,CESA4, with
the plants transformed with catalytically inactive
CESA8 mutants having significantly less cellulose than
those transformedwith corresponding CESA4mutants.
Apart from the Ler cesa8irx1-1 allele, which had similar
levels of cellulose to CESA7D726N (transformed into
cesa7irx3-1; Fig. 3B), the results are consistent between
different alleles and genetic backgrounds.

Mutating the TED Asp of Multiple Secondary Cell
Wall CESAs

There are two possibilities that explain how plants in
which only a single class of CESA is mutated are still
able to make some cellulose. Either the cellulose is
synthesized by the two remaining CESA classes or

Figure 2. Cellulose content of the plants containing Asp-to-Asn mutation in the TED, DXD, and DDX motifs of secondary wall
CESAs. A, Cellulose content. B, Plant height. CESAT-DNA null mutants (cesa8irx1-7, cesa7irx3-7, and cesa4irx5-4) were transformed
with wild-type (WT) genes (CESA8, CESA7, and CESA4, respectively), TEDmotif Asp-to-Asn mutants (CESA8D683N, CESA7D726N,
andCESA4D748N, respectively),DXDmotif Asp-to-Asnmutants (CESA8D470N,CESA7D524N, andCESA4D501N, respectively), orDDX
motif Asp-to-Asn mutants (CESA8D303N, CESA7D357N, and CESA4D334N, respectively). N refers to the number of individual T1
transformants analyzed. Cellulose content and plant height are expressed as percentages of the wild-type values. The cellulose
data for the TEDmotif are the same as in Figure 1B. Error bars indicate SE. Significance levels fromunivariate ANOVA are indicated
for comparison between the genotype and the background mutant (white asterisks inside each bar) or between particular gen-
otypes (black asterisks and lines above the bars): ***, significant at 0.001; **, significant at 0.01; and *, significant at 0.05.
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mutating the TED and DXD motifs is not sufficient to
completely abolish their activity and they are able to
synthesize some cellulose, albeit at a reduced rate. In
the latter case, the rate of cellulose synthesis by the CSC
is likely determined by the rate of synthesis of the de-
fective CESA. Consequently, introducing a TED mu-
tation into more than one CESA class should result in
some cellulose, with the rate determined by the CESA
class displaying the lowest activity. To investigate this
idea, we made two double combinations (CESA8/
CESA7 and CESA7/CESA4) and a triple combination
(CESA8/CESA7/CESA4) of the TEDAspmutants. The
multi-CESA mutants were cloned within the same
plasmid and transformed into their respective double
and triple cesa T-DNA mutant combinations. None of
the lines containing more than one defective CESA
showed evidence of any complementation and had a
cellulose content that was not significantly different
from the T-DNAmutant controls (Fig. 4). This supports
the idea that residual cellulose synthesis in TED single
mutants is supported by cellulose synthesis by the two
remaining active classes of CESA proteins.

Cellulose Content in CESA Mutants Does Not Always
Correlate with Plant Morphology

Plant height is often a useful proxy for the degree of
complementation of the cellulose content (Kumar et al.,
2017), and this relationship largely holds true for the
plants analyzed in this study (Fig. 2B). We found that
cesa mutants complemented with the DDX motif mu-
tants had sufficient cellulose to completely restore plant
height, while the mutants complementedwith theDXD
and TEDmutants that had less cellulose exhibited only
partial restoration of plant height (Fig. 2B). This rela-
tionship between cellulose content and plant height
does not always hold, and both the TED and DXD
mutants of CESA7 (CESA7D726N and CESA7D524N)
exhibited only marginally less cellulose than the cor-
responding mutants in CESA4 (CESA4D748N and
CESA4D334N; Fig. 1A), but the complementation of plant
height was always much greater in the CESA4 mutant
plants (Fig. 2B).

In order to investigate the apparent discrepancy of
the CESA7/CESA4 DXD and TED mutants in terms
of cellulose content and growth phenotypes, the T2
generation of all mutants was grown as part of a
single experiment, where 15 replicates of each gen-
otype, consisting of five plants from three indepen-
dent lines, were grown side by side. The growth
differences between the genotypes were apparent
from an early stage. While there were no differences
between CESA8, CESA7, and CES4 for the DDX
mutants, rosettes of 4-week-old plants of the CESA7

Figure 3. Cellulose content of the plants containing an Asp-to-Asn
mutation in the TED motif of secondary wall CESAs in alternative cesa
backgrounds. A, Secondary wall CESA T-DNA null mutants (cesa8irx1-4,
cesa7irx3-6, and cesa4irx5-6) were transformed with TED Asp-to-Asn
mutants (CESA8D683N, CESA7D726N, and CESA4D748N, respectively).
Transformation of wild-type (WT) geneswas not performed for this set of
mutants. B, cesa7irx3-1 and cesa4irx5-2 were transformed with either the
wild-type genes (CESA7 and CESA4, respectively) or TED Asp-to-Asn
mutants (CESA7D726N and CESA4D748N, respectively) and compared
with the cesa8irx1-1 mutant. For CESA8, Ler wild-type measurements
have been duplicated in the middle graph in order to make easy com-
parisons. C, cesa8irx1-7, cesa7irx3-6, and cesa4irx5-4were backcrossed into
Ler five times to create cesa8irx1-7L, cesa7irx3-6L, and cesa4irx5-4L, re-
spectively. These were then transformedwith either the wild-type genes
(CESA8, CESA7, and CESA4, respectively) or TED Asp-to-Asn mutants
(CESA8D683N, CESA7D726N, and CESA4D748N, respectively). N refers to
the number of individual T1 transformants analyzed. Cellulose content
is expressed as a percentage of the wild-type value. Error bars indicate
SE. Significance levels from univariate ANOVA are indicated for

comparison between the genotype and the background mutant (white
asterisks inside each bar) or between particular genotypes (black
asterisks and lines above the bars): ***, significant at 0.001; **, signif-
icant at 0.01; and *, significant at 0.05.
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DXD mutant (CESA7D524N) appeared considerably
smaller than those of CESA8 (CESA8D470N) or CESA4
(CESA4D501N; Supplemental Fig. S2). Similarly, the
rosettes of the CESA7 TED Asp mutant were smaller
than those of CESA4. These differences in growth
between CESA7 and CESA4 continued throughout
development (Fig. 5). When the plant height, stem
diameter, and weight of cell wall material were
compared, we observed the same trend as we ob-
served with our initial plant height observations
(Figs. 2B and 5A). The level of complementation was
higher for cesa4irx5-4 than for cesa7irx3-7 when using
either corresponding DXD or TED mutants. In

addition, complementation of the CESA7 DXD mu-
tant (CESA7D524N) was particularly poor, suggestive
of some kind of dominant negative effect (Fig. 5B).

Defective CESA Proteins Exhibit Little or No Detectable
Effects on Cellulose Synthesis in the Wild Type

To test more directly whether the CESA Asp mu-
tants might have a dominant effect on plant growth,
and in particular whether the mutation in CESA7
might cause a particularly severe dominant negative
phenotype, we transformed the three sets of CESA

Figure 4. Analysis of the plants containing TEDmotif Asp-to-Asnmutations inmultiple secondarywall CESAs. A, Cellulose content. B,
Plant height. Data are shown for all possible double (cesa8irx1-7 cesa7irx3-6, cesa8irx1-7 cesa4irx5-4, and cesa7irx3-6 cesa4irx5-4) and triple
(cesa8irx1-7 cesa7irx3-6 cesa4irx5-4) mutant combinations of secondary wall CESAs transformed with plasmids containing the corre-
sponding wild-type (WT) CESA genes or the TED motif Asp-to-Asn mutants. N refers to the number of individual T1 transformants
analyzed. Cellulose content and plant height are expressed as percentages of thewild-type values. The cellulose data for the TEDmotif
are the same as in Figure 1B. Error bars indicate SE. Significance levels from univariate ANOVA are indicated for comparison between
the genotype and the background mutant (white asterisks inside each bar): ***, significant at 0.001. NA indicates no data available.
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Asp mutants as well as the double and triple mutant
combinations of the TED Asp mutants into wild-
type Col-0. Even with the most severe phenotypes,
we observed only relatively modest reductions in
cellulose content and plant height. As might be ex-
pected, the TED CESA triple combination caused the
largest decrease in cellulose content and a significant
decrease in plant height. However, there was no
consistent trend. Although the CESA7 TED mutant
showed a significant decrease in cellulose content

and plant height, all the DXD mutant plants grew
slightly worse than the wild-type plants, but there
was little effect on cellulose (Fig. 6).

Chemical Analysis of Cell Walls in the DDX, DXD, and
TED Motifs of Secondary Cell Wall CESAs

Since the Updegraff method only measures the
crystalline cellulose and our Asp mutants appeared to
show varying levels of crystalline cellulose, it is

Figure 5. Growth characteristics of the plants containing an Asp-to-Asn mutation in the TED, DXD, and DDX motifs. A, Plant
height. B, Stem diameter. C, Weight of the cell wall preparation. Error bars indicate SE. N refers to the number of T2 plants an-
alyzed. For each genotype, up to 15 plants (five plants each for three selected lines) were analyzed. Significance levels from
univariate ANOVA are indicated for comparison between the genotype and the background mutant (white asterisks inside each
bar) or between particular genotypes (black asterisks and lines above the bars): ***, significant at 0.001; **, significant at 0.01; and
*, significant at 0.05. WT, Wild type.
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possible that differences in the cellulose content of the
Asp mutants are offset by an increase in noncrystalline
cellulose or other forms of b-glucan. Consequently, the
noncellulosic sugars were quantified. Consistent with
previous studies (Brown et al., 2005), Xyl was the most
abundant sugar and constituted more than 50% of the
total cell wall sugars, but it was found at similar levels
in all genotypes (Table I). In comparisonwith the Col-0
wild type, all three cesa T-DNA mutants had higher
levels of the minor sugars Rha, Ara, and Gal. The rel-
ative proportion of Glc was reduced from 6% in Col-0
to only ;3% in the cesa T-DNA mutants. Man content
also was reduced in the cesa T-DNAmutants (Table I).
For the various Asp mutants, the sugar composition
followed the trends shown by the complementation
for the cellulose content. Therefore, where cellulose
complementation was good, such as in the DDX mu-
tants, the noncellulosic sugar composition more
closely matched that of the wild type, while in the

poorly complemented lines, the profile looked similar
to the composition of the cesa T-DNA mutants (Table
I). Overall, there was no evidence to suggest that any
of the CESA Asp mutants exhibit any increase in the
amount of noncrystalline glucan that may compensate
for or form in response to the reduction in cellulose
found in these lines.

ssNMR or FTIR Showed No Alteration in Cellulose
Structure in the CESA Asp Mutants

By incorporating a defective CESA protein into the
CSC, it is possible that the product of each CSC will be
an abnormal microfibril with fewer than normal cellu-
lose chains. Since we know that CESA proteins exhibit
high class specificity and likely occupy unique sites
within the complex (Carroll and Specht, 2011; Kumar
et al., 2017), the position within the CSC occupied by a

Figure 6. Analysis of all constructs used in this study in the Col-0 wild-type (WT) background. A, Cellulose content. B, Plant
height. Data are shown for Col-0 transformedwithwild-type CESA genes, single, double, and triplemutant combinations of CESA
genes carrying the TEDAsp mutants, and single CESA genes containing theDXD orDDX Asp mutants. N refers to the number of
individual T1 transformants analyzed. Cellulose content and plant height are expressed as percentages of the wild-type values.
The cellulose data for the TEDmotif are the same as in Figure 1B. Error bars indicate SE. Significance levels fromunivariate ANOVA
are indicated for comparison between the genotype and the background mutant (white asterisks inside each bar): ***, significant
at 0.001; **, significant at 0.01; and *, significant at 0.05. NA indicates no data available.
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defective class of CESA proteins may influence the
ability of the remaining chains to formmicrofibrils and,
consequently, may explain whymutations in particular
classes of CESA proteins have differing effects on cel-
lulose synthesis. To address this question, both ssNMR
and FTIR were used to examine cellulose structure in
plants from the wild type, cesa T-DNA null mutants,
and the three CESA T-DNA mutants with wild-type
genes or with TED, DXD, and DDX Asp mutants. A
principal component analysis (PCA) plot of the C13
CP-MAS ssNMR data reveals that the majority of var-
iability (89%) is explained by PC1 (Supplemental Fig.
S3). The samples separate along PC1 more or less in
order of their cellulose content (i.e. Col-0 wild-type
genes, DDX mutants, DXD/TED mutants, and cesa
T-DNAmutants). Furthermore, the loading plot of PC1
is dominated by peaks attributed to cellulose (Fig. 7A).
Two regions of the spectra were of particular interest:
the 80- to 93-ppm area that contains the C41 (89 ppm)
and C42 (84 ppm) peaks and the 60- to 67-ppm area
containing the C61 (65 ppm) and C62 (63 ppm) peaks.
The C41 and C61 signals are attributed to the interior
region of the cellulose domain or crystalline cellulose,
while C42 and C62 have been attributed to surface or
amorphous cellulose (Atalla and Vanderhart, 1984; Ha
et al., 1998). Differences in microfibril size between
primary and secondary cell walls are likely to manifest
themselves in differences in the ratio of these two pairs
of peaks (Ha et al., 1998). The full spectra (0–200 ppm)
of all 16 genotypes are shown in Figure 7, B to F. Con-
sistent with an absence of cellulose in the secondary cell
wall mutants, there were large differences between the
Col-0 wild type and cesa T-DNAmutants in both the 80-
to 93-ppm and 60- to 67-ppm regions (Fig. 7B). The
wild-type genes andDDXmotif Aspmutants showed a

high degree of complementation in both regions (Fig. 7,
C and F), consistent with their relatively normal cellu-
lose content. For the DXD mutants, CESA8, CESA7,
and CESA4 all showed very similar profiles in the C4
region, but in the C6 region, the CESA4 DXD mutant
showed far greater complementation (Fig. 7E). For the
TEDAsp, CESA7 and CESA4 were very similar to each
other, while CESA8 showed a much lower level of
complementation in both the C4 and C6 regions (Fig.
7D). Together, these data suggest that the spectra are
dominated by the amount of secondary cell wall cel-
lulose and reflect the degree of complementation. The
fact that the spectral differences observed between the
different DXD Asp mutants is not reflected in the TED
Asp mutants makes further interpretation of these
subtle differences difficult.

The ssNMR spectra were obtained from whole stem
powder, which constitutes a mixture of primary and
secondary cell walls. In our FTIR microspectroscopy
analysis, we attempted to enrich for signals derived
from the secondary cell walls. First, FTIR spectra were
recorded from thin hypocotyl sections using a focal
plane array detector that collects 128 3 128 = 16,384
pixels (spectra) from a 700-3 700-mmwindow that was
sufficiently large to cover all or most of the section. We
then filtered the pixels based on signal intensity at wave
number 1,508 cm21, which has been assigned to an ar-
omatic c=c stretch indicative of lignin (Gorzsás et al.,
2011). Using this approach, the remaining spectra were
largely from the region of the hypocotyl that contains
cells with a secondary cell wall (Fig. 8A).

PCA of enriched data showed that, similar to the
ssNMR, PC1 separated the samples essentially in order
of their cellulose content complementation levels (Fig.
8B). The FTIR spectra showed considerable variation

Table I. Noncellulosic sugar analysis of the plants containing an Asp-to-Asn mutation in the DDX, DXD, and TED motifs of secondary wall CESAs

Relative amounts of six sugars expressed as percentages of total noncellulosic sugars are shown. Negligible amounts of Fuc also were detected but
are not shown here. For each genotype, stem powder from three independent lines was analyzed. For each line, up to 36 T2 plants were pooled. Gas
chromatography (GC) analysis was performed in duplicate for each sample. Mean values of six replicates (three biological 3 two technical) are
shown 6 SE.

Type Genotype
Sugar

Rha Ara Gal Glu Man Xyl

Controls Col-0 wild type 6.54 6 0.16 4.48 6 0.15 6.74 6 0.19 21.74 6 0.9 7.67 6 0.15 52.43 6 0.65
cesa8irx1-7 11.61 6 1.1 11.56 6 0.24 11.36 6 0.35 9.97 6 0.76 5.48 6 0.05 49.61 6 2.18
cesa7irx3-7 10.42 6 0.45 11.29 6 0.43 11.47 6 0.57 9.95 6 0.77 5.85 6 0.09 50.58 6 1.71
cesa4irx5-4 11.36 6 0.43 11.56 6 0.38 11.51 6 0.16 10.1 6 0.2 5.5 6 0.25 49.51 6 0.5

Wild-type genes CESA8_wild type 5.85 6 1.2 4.17 6 0.06 7.5 6 0.34 22.07 6 0.27 8.2 6 0.16 52.06 6 0.84
CESA7_wild type 6.97 6 0.38 3.95 6 0.05 6.63 6 0.23 24.81 6 0.42 8.45 6 0.08 49.05 6 0.81
CESA4_wild type 7.34 6 0.34 5.16 6 0.21 7.19 6 0.12 14.67 6 0.96 8.05 6 0.1 57.35 6 0.72

TED motif CESA8D683N 11.19 6 0.28 8.57 6 0.2 9.21 6 1.65 13.82 6 0.85 6.02 6 1.07 51.19 6 1.16
CESA7D726N 9.5 6 0.79 7.04 6 0.23 8.88 6 0.13 18.04 6 0.16 7.64 6 0.23 48.41 6 0.46
CESA4D748N 8.09 6 0.44 6.59 6 0.57 9.4 6 1.42 16.49 6 0.97 8.24 6 0.16 51.19 6 0.86

DXD motif CESA8D470N 9.12 6 0.14 10.47 6 0.39 12.33 6 0.33 11.83 6 0.62 6.67 6 0.08 48.62 6 1.41
CESA7D524N 10.86 6 0.13 10.15 6 0.18 12.96 6 0.34 13.53 6 0.2 6.72 6 0.13 44.6 6 0.83
CESA4D501N 8.99 6 0.52 6.69 6 0.16 9.95 6 0.37 15.5 6 1.59 7.29 6 0.12 50.6 6 2.11

DDX motif CESA8D303N 7.18 6 0.06 4.4 6 0.11 6.72 6 0.27 20.53 6 1.11 8.21 6 0.05 52.95 6 0.81
CESA7D357N 6.65 6 0.11 4.93 6 0.14 8.2 6 0.1 15.97 6 0.5 8.07 6 0.05 55.45 6 0.44
CESA4D334N 5.96 6 0.18 4.55 6 0.06 7.18 6 0.12 19.51 6 0.34 7.96 6 0.02 54.19 6 0.36
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Figure 7. NMR analysis of the plants containing an Asp-to-Asn mutation in the DDX, DXD, and TED motifs of secondary wall
CESAs. A, Loadings for PC1 of the PCA that accounts for 89% data variability. B to F, ssNMR data for 16 genotypes. For each
genotype, stem powder from up to 36 T2 plants (one selected line) was analyzed. Each graph shows the total signal-normalized
individual spectra for the five groups of genotypes. Col-0wild-type (WT) and cesa7irx3-7 data are repeated in C to F for comparison.
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among genotypes in the 1,085- to 1,185-cm21 region
(Fig. 8, C–E) that contains peaks attributed to the signal
from cellulose. Similar to the ssNMR data, the FTIR
spectra in these regions correlated with the crystalline
cellulose content, and the TED and DXD mutants had
the lowest levels of complementation (Fig. 8, C–E).

Microfibril Angle and Cell Wall Crystallinity Correlate
with the Amount of Cellulose in the Secondary Cell Wall

Since ssNMR and FTIR did not reveal any obvious
differences in cellulose structure, we used wide-angle
x-ray diffraction to examine the cell wall crystallinity
and microfibril angle. The analysis was focused on the
TED and DXD mutants of CESA4 and CESA7, since
these plants exhibit only small differences in cellulose
content but large differences in plant height (Fig. 2). We
observed significant differences between the wild type
and the cesa T-DNA mutants, with the wild type
exhibiting a higher cell wall crystallinity but lower
microfibril angle comparedwith themutants. While the
wall crystallinity and microfibril angle of the DXD
mutants were similar to those of the cesa mutants, the
TED motif mutants exhibited a level of cell wall crys-
tallinity and a microfibril angle that were intermediate
between the cesa mutants and the wild type (Fig. 9).
There were no significant differences between the
equivalent CESA4 and CESA7 TED or DXD Asp mu-
tants for either microfibril angle or cell wall crystallinity
(Fig. 9).

DISCUSSION

The fact that the CSC of the plant secondary cell wall
is composed of three different CESAs and that these
CESAs exhibit a high degree of class specificity (Kumar
et al., 2017) suggests that each CESA occupies a par-
ticular position within the complex. Consequently, this
provides an opportunity to investigate how altering the
synthesis of individual cellulose chains at any given
position affects cellulose microfibril structure. As
demonstrated in this study (Fig. 4) and has been
documented previously (Turner and Somerville, 1997;
Taylor et al., 2000; Brown et al., 2005), both T-DNA
knockout mutants and mutants that cause premature
termination of the CESA protein result in plants with
reduced secondary cell wall cellulose. This cellulose-
deficient phenotype is assumed to result from the
remaining two CESA isoforms being unable to form a
functional complex (Ha et al., 2002; Gardiner et al.,
2003; Taylor et al., 2003; Kumar and Turner, 2015a). By
introducing CESA genes with specific Asp residues
mutated to Asn, it should be possible to block cellulose

synthesis specifically within a single CESA isoform,
resulting in a catalytically inactive CESA isoform
within a CSC that is still able to assemble correctly.
Three different catalytic Aspmutants were tested (TED,
DXD, and DDX). CESA proteins with the first DDX
motif Asp mutation all still exhibited reasonable levels
of complementation (Fig. 2) and are assumed to still
display some catalytic activity. Even though this motif
is highly conserved in plant CESA proteins (Pear et al.,
1996) and in the bacterial BCSA structure, it maps close
to the catalytic site (Morgan et al., 2013) and it may not
participate directly in catalysis. In contrast, the Asp in
the TED motif is believed to be the catalytic base
(Morgan et al., 2013), andmutating this residue is likely
to abolish activity. This assertion is supported by the
fact that, when we mutate the highly conserved DXD
motif essential for substrate binding (Morgan et al.,
2013), we obtain essentially the same results as with
mutating the TEDmotif. This result also holdswhenwe
examine a range of different alleles and different eco-
types (Figs. 2 and 3). A consistent pattern is observed
across all these complementation experiments with the
mutatedDXD and TEDmotifs: CESA4 always gives the
best complementation, while CESA8 gives the worst
complementation and CESA7 is intermediate. If these
different levels of complementation were the result of
the residual catalytic activity, when we introduce mu-
tants in two or more CESA isoforms, we would antici-
pate that the level of cellulose complementation would
be comparable to that of the most severe mutant.
However, we find that the lines in which two or more
CESAs are mutated exhibit no significant complemen-
tation (Fig. 4). This result supports the idea that the
residual catalytic activity of the mutated CESAs is not
the cause of the partial complementation seen with the
CESA DXD and TED mutants.

A more plausible explanation of the partial comple-
mentation exhibited by the DXD and TED CESA mu-
tants is that the complex can assemble and be
transported to the plasma membrane, where the two
remaining CESA isoforms are still able to synthesize
cellulose chains. This poses the questions of why mu-
tations in different CESA isoforms give different levels
of complementation. The available data indicate that
CESA proteins in the secondary cell wall CSC are in a
1:1:1 stoichiometry (Hill et al., 2014) and, therefore,
cannot explain the differences between how the DXD
and TED mutants of CESA4 are better than CESA8 in
their ability to complement the cesa T-DNA mutants.
The data presented here support the idea that, if one
CESA is inactive, the ability of the remaining two
CESAs to continue to synthesize cellulose microfibrils
depends upon which sites are active or inactive and the
positions of the active CESAs.

Figure 7. (Continued.)
The positions of cellulose peaks are indicated by vertical lines above the peaks in A. In each graph, the inset at top left shows the
C4 peak region (80–93 ppm), while the inset at top right shows the C6 peak region (60–67 ppm).
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Figure 8. FTIR microspectroscopy analysis of the plants containing an Asp-to-Asn mutation in theDDX,DXD, and TEDmotifs of
secondary wall CESAs. A, Visible image as seen with the FTIR microscope and chemical images based on signal intensity at
1,035 cm21. The filtered chemical image was obtained after removing pixels that had 1,109 cm21 signal intensity less than the
mean 1,109 cm21 intensity of all pixels in the image. B, PCA based on the filtered data set. Groups of genotypes are color coded:
black, control genotypes; red,DDXmotif mutants; green,DXDmotif mutants; and blue, TEDmotif mutants. Each data point refers
to an FTIR tile. For each genotype, up to 12 tileswere generated fromT2 generation plants (three independent lines, one hypocotyl
per line, four sections per hypocotyl, and one tile per section). C to E, Normalized mean (of all tiles for a genotype) spectra for the
three groups of genotypes. Col-0 wild-type (WT) and cesa7irx3-7 data are included in all graphs for comparison. In each graph, the
inset at top right shows the 1,085 to 1,185 cm21 peaks associated with cellulose.
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Previous work on CESA class specificity suggests
that each CESA protein may occupy a particular posi-
tion within the CSC (Kumar et al., 2017). Consequently,
we hypothesized that the differential effect of the in-
activation of CESA8, CESA7, and CESA4 was a conse-
quence of the differential effects these positions may
have on cellulose microfibril assembly, which would be
reflected in alteration in the structure of cellulose pro-
duced. Our analysis using ssNMR, FTIR, and x-ray
diffraction was not able to identify changes in cellulose
microfibril structure to support this hypothesis. An al-
ternative explanation is based upon the differential
catalytic activity of individual CESA proteins that may
be a consequence of their inherent structure or a result
of regulation by posttranslational modification or in-
teraction with other accessory proteins. It was shown
that phosphorylating CESA1 can regulate the bidirec-
tional movement of primary wall CSCs and, hence,
cellulose deposition (Chen et al., 2010). Furthermore,
altering the levels of a particular member of the CESA6
class has a big effect on cellulose synthesis (Hu et al.,
2017). Together, these two studies provide an example
for how one particular CESA isoform can exert an effect
on cellulose synthesis by an entire complex and how
one isoform can have a greater effect on cellulose syn-
thesis than others in certain circumstances. Further-
more, it has been proposed that the polymerization and
crystallization of the cellulose chains provide the en-
ergy for the movement of the CSC through the plasma
membrane (Diotallevi and Mulder, 2007). A CSC gen-
erating only two-thirds of the normal cellulose chains is
likely to synthesize cellulose more slowly, since less
energy will be generated to force the CSC through the
plasma membrane. If some classes of CESA proteins

were less active than others, either inherently from their
structure or as a result of posttranslational modifica-
tion, mutating the least active CESA would have the
smallest effect on cellulose synthesis. The data from this
study suggest that the least active CESA in secondary
cell wall synthesis is CESA4, while the most active is
CESA8.

In order to examine how different active CESA
combinations might affect microfibril structure, we
initially used ssNMR to examine the structure of cel-
lulose. As expected, we found large differences in the
spectra when we compared the wild type with the cesa
T-DNA mutants. PCA of the data shows that PC1 sep-
arates on the basis of cellulose content and accounts for
89% of the variation (Supplemental Fig. S3). The load-
ings plot showsmuchmore variation in the C41 and C61

peaks, which correspond to the interior domains, than it
does for the C42 and C62 peaks, which are attributed to
the outer domains. While frequently overlooked, the
loadings plot reflects not only the differences in cellu-
lose content between the wild type and the cesamutants
but also changes in cellulose structure that are inevita-
bly the consequence of changes in the relative propor-
tion of the signal derived from cellulose in either the
primary or secondary cell walls. It is generally accepted
that cellulose microfibrils in secondary cell walls are
frequently composed of aggregates and contain more
crystalline cellulose compared with those in the pri-
mary cell walls (Salmén, 2004; Terashima et al., 2009;
Cosgrove and Jarvis, 2012). Comparing the wild type
with the cesa T-DNA mutants also reveals big differ-
ences between the microfibril angle and crystallinity
that also could reflect differences between the primary
and secondary cell walls (Fig. 9). Consequently, it is

Figure 9. Physical properties of the plants containing an Asp-to-Asn mutation in the DXD and TED motifs of secondary wall
CESAs. A, Cellulose crystallinity. B, Microfibril angle. Error bars indicate SE. N refers to the number of T2 plants analyzed. For each
genotype, up to 10 plants (five plants each for two selected lines) were analyzed. Significance levels from univariate ANOVA are
indicated for comparison between the genotype and the background mutant (white asterisks inside each bar): ***, significant at
0.001. WT, Wild type.
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likely that the crystallinity of many mutants with re-
duced secondary cell wall cellulose will be somewhere
between that of the wild type and the cesa T-DNA
mutants, independent of whether they show additional
changes in microfibril structure. Small differences were
observed in the ssNMR spectra of lines with similar
cellulose content, but these differences do not follow a
consistent trend that would easily allow us to explain
the data, and the data do not reveal large changes in
microfibril structure that might explain the different
levels of complementation found in the mutants.

While studying cellulose biosynthesis in secondary
cell walls offers many experimental advantages and
practical applications, the large secondary wall micro-
fibrils synthesized by CSC clusters (Li et al., 2016) may
hinder the detection of subtle changes in microfibril
structure. For example, if a primary cell wall microfibril
is a product of one CSC, it would contain;18 chains. If
one-third of the CESA proteins were defective in the
CSC, then it would be reduced to only 12 chains,
resulting in a very large change in the ratio of interior to
exterior chains. In contrast, if a secondary wall micro-
fibril is a product of four CSCs and contains 72 chains,
reducing this to a microfibril of 48 chains is likely to
have a much smaller effect on the ratio of interior to
exterior cellulose chains.

Plants in which the DXD and TED Asp residues of
CESA7 are mutated only have marginally less cellulose
than the equivalent mutations in CESA4. However, the
CESA4 DXD and TED mutant plants grow substan-
tially larger and can reach almost twice the height of the
corresponding CESA7 mutants (Fig. 2). The reasons for
this difference are not clear, but we frequently observe
better complementation of the plant height defect
compared with the cellulose defect. For example, the
DDX mutants show partial complementation of the
cellulose defect but grow normally (Fig. 2). The CESA4
DXD and TEDmutants consistently have slightly more
cellulose that the corresponding CESA7 mutants. It is
possible that the CESA4 DXD and TED mutants make
just enough cellulose to get them over a certain
threshold that allows the plants to make at least a
partially functioning secondary wall that is able to
support better plant growth, while the corresponding
CESA7 mutants do not.

In summary, we have shown that the effects of mu-
tating individual isoforms of the CESA proteins that
make up the CSC of the secondary cell walls are not
equivalent. Most of the techniqueswe have used to look
at microfibril structure are affected by the relative
proportions of primary and secondary cell wall cellu-
lose in the samples. This is likely to mask more subtle
changes in microfibril structure that may exist within
the various classes of mutants we have identified. In the
future, it may be necessary to use more sensitive tech-
niques, such as two-dimensional ssNMR, to closely
examine both microfibril structure and also the inter-
action between the microfibrils and the xylan that is
bound to them (Dupree et al., 2015; Grantham et al.,
2017).

MATERIALS AND METHODS

Plant Material

The Arabidopsis (Arabidopsis thaliana) secondary cell wall cesamutants used
in this study and their main properties are listed in Supplemental Table S2.
Some have been described previously: cesa8irx1-1 (Turner and Somerville, 1997;
Taylor et al., 2000), cesa7irx3-1 (Turner and Somerville, 1997; Taylor et al., 1999),
cesa4irx5-2 (Taylor et al., 2003), cesa8irx1-7 and cesa7irx3-7 (Kumar and Turner,
2015a), cesa4irx5-4 and cesa8irx1-5 (Brown et al., 2005), and cesa7irx3-6 (Kumar and
Turner, 2015a). Double and triple mutant combinations of secondary cell wall
cesa mutants are described by Kumar and Turner (2015a). cesa4irx5-6, cesa8irx1-7L,
cesa7irx3-6L, and cesa4irx5-4L are new alleles used in this study. For all T-DNA
mutants, seeds were obtained from the Nottingham Arabidopsis Stock Centre,
and homozygous plants were identified by genotyping using a PCR-based
method. To create cesa8irx1-7L, cesa7irx3-6L, and cesa4irx5-4L T-DNA mutants in the
Col-0 background (cesa8irx1-7, cesa7irx3-6, and cesa4irx5-4, respectively), they were
crossed with the Ler wild type. The F1 plants were then crossed with the Ler
wild type again, and the process was repeated another three times, after which
the plants were selfed and homozygous plants were isolated from the segre-
gating population and genotyped.

Plasmid Constructs

The full schematics for constructing theplasmidsused in this studyare shown
in Supplemental Figure S4. Three Gateway destination vectors were con-
structed on pCambia1300 (hygromycin resistance). These vectors were VX21
(proCESA8::Gateway_casette:term35S), VX22 (proCESA7::RGS-6xHIS-STREP-
Gateway_casette:term35S), and VX23 (proCESA4::Gateway_casette:term35S;
Supplemental Fig. S4, A–C). The component fragments of these vectors (pro-
moters, Gateway cassette, and terminators) were PCR amplified and cloned
into a pJET vector using the CloneJET PCR Cloning Kit (Thermo Fisher Scien-
tific). All primers included appropriate restriction sites to allow concatenation
of the fragments. The inserts in the pJET vector were fully sequenced before
assembling to create the final destination vectors. The three promoter::Gate-
way_casette:terminator cassettes also were designed to have unique restriction
sites at the ends to allow two or three cassettes to be put together in a single
plasmid.

The cloning of the coding sequences ofwild-typeCESA8,CESA7, andCESA4
in a Gateway entry vector, pDONOR/pZEO, has been described previously
(Kumar et al., 2017). These entry clones were used as templates in PCR-based
site-directed mutagenesis (Atanassov et al., 2009). For each mutant, two PCR
fragments (A and B) were amplified. For fragment A, primers MF (59-
GTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAG-39) and GSR (gene-
specific reverse) were used, while for fragment B, GSF (gene-specific forward)
and MR (59-CAGGAAACAGCTATGACCATGTAATACGACTCACTA-39)
were used. The sequences of the different GSF primers used are listed in
Supplemental Table S3. The GSR primers had a complementary sequence to the
GSF primers. PCR fragments A and B were gel extracted with a gel extraction
kit (Qiagen) and then combined in an overlap extension reaction (Atanassov
et al., 2009), which was then purified. The overlap extension product was then
used in an LR reaction (Thermo Fisher Scientific) with Gateway destination
vectors described to drive the expression of CESA8, CESA7, and CESA4 with
native promoters. The positive selection of Gateway technology meant that
only the clones containing both fragments in the correct order would survive.
Plasmids were extracted with a plasmid miniprep kit (Qiagen) and sequenced
fully to verify that no mutations had occurred. Double and triple CESA con-
structs weremade using the unique restriction sites at the ends of the promoter::
Gateway:terminator cassettes (Supplemental Fig. S4, D–F).

Plant Growth and Analysis

Sequenced plasmids were transformed into the Agrobacterium tumefaciens
strain pGV3101, which was then transformed into Arabidopsis plants using the
floral dip method (Clough and Bent, 1998). Plants were analyzed at T1 and T2
stages. Seed was surface sterilized with 10 fold dilution of sodium hypochlorite
solution (;30% free chlorine), followed by three washes with water and
stratification for 48 h. The seed was then selected on one-half-strength Mura-
shige and Skoog plates containing 35 mg mL21 hygromycin. After growing for
7 d on plates in an incubator, eight to 10 independent lines for each construct
were transplanted into a 6:1:1 mixture of compost, perlite, and vermiculite.
Plants were grown for another 6 weeks on soil under long-day conditions
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(16-h/8-h day/night, 22°C/18°C temperature, and 80% humidity). Col-0 wild-
type and cesamutant plants were grown on plates without any selection before
being transplanted. A vector-only control for the Col-0 wild type was included
in one of the experiments, and no differences were found in the growth patterns
or cellulose content as compared with the Col-0 wild type grown on non-
selection plates. Plant height measurements were taken when plants were
7 weeks old, after which 50-mm pieces from the primary inflorescence stem,
starting at 5 mm above the base, were harvested and stored in 70% ethanol for
the analysis of cellulose content.

Cellulose Assays

Stemmaterial was harvested from 7-week-old plants. A 5-cm piece from the
primary shoot was collected 5 mm above the base. Cellulose content was de-
termined using a medium-throughput adaptation of Updegraff’s method
(Kumar and Turner, 2015a).

ssNMR Analysis

For each genotype, 27 T2 plants were grown on plates and compost as de-
scribed above. Stem material was harvested when plants were 9 weeks old and
stripped of their leaves and siliques. Stemswere freezedried for 72 h, afterwhich
they were ground into a coarse powder using a pestle and mortar. The coarse
powder was further ground into a fine powder using the Retch MM301 mixer
mill. For eachgrinding run, about 500mgof coarsepowderwasput into a20-mL-
capacity steel tube along with four 10-mm-diameter steel balls and ground for
3min at a vibrational frequency of 24Hz.About 100mgoffinepowderwasused
for the preparation of AIR followed by destarching in 2-mL screw-cap tubes
using amodification of themethod of Foster et al. (2010). Briefly, thefine powder
was extracted twice with 1 mL of 70% ethanol (at 70°C) and once with 1 mL of a
1:1 mixture of chloroform:methanol. After the addition of each solvent,
the samples were centrifuged at 14,000 relative centrifugal force for 10 min and
the supernatant was discarded. Finally, 1 mL of acetone was added, and the
sampleswere left to dry in a fume hood overnight. For destarching, the AIRwas
rehydrated in 1.5 mL of a 0.1 M sodium acetate buffer, pH 5, and heated for
20 min at 80°C in a heating block. After cooling the suspension on ice, 35 mL of
amylase (50 mg mL21 solution in water; from Bacillus spp.; Sigma) and 17 mL of
pullulanase (17.8 units; from Bacillus acidopullulyticus; Sigma) were added and
the tubes were vortexed thoroughly. The tubes were incubated in a 37°C shaker
overnight. The enzymemix was inactivated by incubating the samples at 100°C
for 10 min, and the supernatant was discarded following centrifugation. The
remaining pellet was washed three times by adding 1.5 mL of water, vortexing,
centrifuging, and decanting. Finally, the pellet was resuspended in 1 mL of
acetone and air dried in a fume hood overnight. Dried samples were stored at
room temperature until needed for further processing.

Up to50mgofpowderwasanalyzedbyssNMRinC13CP-MASexperiments.
Solid-state 13C spectra were recorded at 100.56 MHz using a Varian VNMRS
spectrometer and a 4-mm (rotor o.d.) magic-angle spinning probe. Spectrawere
obtained using cross-polarization with a 2-s recycle delay, a 3-ms contact time,
an ambient probe temperature of ;25°C, and a sample spin rate of 10 kHz.
Between 1,000 and 1,600 repetitions were accumulated. Spectral referencing
was performed with respect to an external sample of neat tetramethylsilane
(carried out by setting the high-frequency signal from adamantane to 38.5
ppm). Recorded spectra were baseline corrected using MNOVA software
(Mestrelab Research) and exported to Microsoft Excel, where they were nor-
malized to make the total signal for each spectrum 100%. Further plotting of the
spectra was performed in Excel. PCA was performed using Matlab R2016a
(MathWorks).

Analysis of Noncellulosic Sugars

AIR was prepared as described above for ssNMR analysis. Approximately
10 mg of AIR powder was transferred to prenumbered 2-mL screw-cap vials.
Weak acid hydrolysiswas performed by adding 500mL of 1 MH2SO4 to each vial
and heating at 121°C for 60min. Before heating, 20mL of a 20mgmL21 myoinositol
solution was added to each vial as an internal control. After letting the tubes
cool to room temperature, they were centrifuged at 3,000 rpm for 5 min, and a
250-mL aliquot of the supernatant was transferred to a 15-mL screw-cap glass
tube. The released monosaccharides were converted into their respective al-
ditol acetate derivatives as described previously (Blakeney et al., 1983; Reiter
et al., 1993).

Derivatized sugars were transferred to GC vials for analysis on a Supelco
SP-2330 (Sigma; product code 24073) fused silica capillary column (dimensions:
30-m length, 0.32-mm i.d., and 0.2-mm film thickness) mounted on an Agilent
6850 GC instrument. Analysis was performed in splitless mode using helium as
the carrier gas with a flow rate of 25 mL min21. The temperature program was
as follows: 2 min at 160°C, 40°C min21 gradient to 200°C, held at 200°C for
4 min, 20°C min21 gradient to 220°C, and held at 220°C for 17 min. Peak as-
signment was performed by analyzing a run of seven individual sugars: Rha,
Fuc, Ara, Xyl, Man, Gal, and Glc, as well as myoinositol. The myoinositol signal
was used to normalize the signal for every peak detected. The detector response
to each sugar was established by analyzing a sugar mix containing equal
amounts of all seven sugars. Sugar peaks in the sample runs were normalized
with myoinositol and corrected for the detector response. Relative sugar con-
tent was then calculated as a percentage of total sugars. All calculations were
performed in Microsoft Excel.

Analysis of Protein Expression

Up to six independent lines for each genotype were tested for protein ex-
pression analysis. A total of 16 plants for each linewere grown until 5weeks old,
when stemswere harvested and stripped of their leaves andflowers. Stemswere
ground in liquid nitrogen into a fine powder using a pestle and mortar. Protein
extracts were analyzed by quantitativewestern blotting as described previously
(Kumar et al., 2017) using anti-CESA8, anti-CESA7, and anti-CESA4 antibodies.
An anti-HSP73 antibody was used as a control for sample loading.

X-Ray Diffraction

Microfibril angle and cell wall crystallinity were determined by x-ray dif-
fractionusing theBrukerD8Discoverx-raydiffractionunit.Both thex-raysource
and the detector were set to u = 0° for microfibril angle determination. The
average T-value of the two 002 diffraction arc peaks was used for microfibril
angle calculations, according to the method of Ukrainetz et al. (2008), with the
exception of a calibration curve developed specifically for Arabidopsis. In
contrast, the 2u (source) was set to 17° for wood crystallinity determination.
Crystallinity was determined by mathematically fitting the data using the
method of Vonk (1973). Crystallinity measures were precalibrated by capturing
diffractograms of pure Acetobacter xylinum bacterial cellulose known to be 87%
crystalline.

FTIR

Hypocotyls were harvested from 7-week-old plants, frozen in liquid nitro-
gen, and stored at280°C until further use. For sectioning, the hypocotyls were
mounted in OCT embedding medium (Thermo Fisher Scientific) and 10-mm
thin cryosections were obtained using a cryomicrotome (Leica CM3050). Sec-
tions were air dried between two glass slides to keep them flat and stored at
room temperature until use. The FTIR protocol as described previously (Pilling
et al., 2015) was used. Briefly, dried sections were scraped off and placed on
CaF2 discs (20 3 1 mm; Crystran) and analyzed using a Varian 670 infrared
spectrometer coupled to a Varian 620-IR imaging microscope equipped with a
128-3 128-pixel liquid nitrogen-cooled mercury cadmium telluride focal plane
array detector. The infrared microscope consisted of a 153 magnification ob-
jective with a resultant field of view of 704 mm. The process of recording FTIR
spectra on the Varian 620-IR imagingmicroscopewas controlled byResolutions
Pro software (Agilent).Within the program, amosaic ofmultiple visible images,
each covering a 500-3 500-mm area, was created to cover the whole hypocotyl
section. An area was then selected to record FTIR spectra so that a single in-
frared window of 704 3 704 mmwas able to cover a majority of the hypocotyl.
This constituted an FTIR tile. Part of the mosaic corresponding to the infrared
tile was produced by the program as a single .jpg image. No further processing
of the visible image was performed. An example of such a mosaic is shown in
Figure 8A. For each section, a single tile of 16,384 pixels (128 3 128) was
recorded. For each genotype, three plants (one each for three independent
transgenic lines) were analyzed, and for each plant, four sections were ana-
lyzed, making a total of 12 tiles per genotype.

The interferogramswereprocessedusing triangular apodizationwithone level
of zero filling giving a data point spacing of approximately 4 cm21, with the
spectral range 900 to 4,000 cm21 retained. All preprocessing and data analysis
were performed using Matlab 2012a (MathWorks) and the ProSpect Toolbox
(London Spectroscopy). Matlab scripts were used for background correction and
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quality control to filter out bad-quality pixels. In order to enrich for pixels coming
from secondary cell walls, we then filtered the pixels based on signal intensity at
wave number 1,508 cm21, which has been assigned to an aromatic c=c stretch
indicative of lignin (Gorzsás et al., 2011). Mean spectra for each tile were calcu-
lated using these pixels, and the data were exported to Microsoft Excel, where all
tiles for each genotype were averaged to produce the spectra shown in Figure 8.

Accession Numbers

Accession numbers are as follows: CESA4,AT5G44030; CESA7,AT5G17420;
and CESA8, AT4G18780.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Protein expression analysis of the plants contain-
ing Asp-to-Asn mutation in the DDX, DXD, and TED motifs.

Supplemental Figure S2. Growth characteristics of the plants containing
Asp-to-Asn mutation in the DDX, DXD, and TED motifs.

Supplemental Figure S3. PCA plot of ssNMR data.

Supplemental Figure S4. Schematics for constructing the plasmids

Supplemental Table S1. Amino acid residue numbers of the mutated Asp
residues in DDX, DXD, and TED motifs of Arabidopsis secondary cell
wall CESA proteins

Supplemental Table S2. List of cesa mutant alleles used in this study.

Supplemental Table S3. List of gene-specific forward primers used for
constructing the Asp mutants.
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