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Abstract

Cellulose synthases (CESAs) synthesize the β-1,4-glucan chains that coalesce to form cellulose

microfibrils in plant cell walls. In addition to a large cytosolic (catalytic) domain, CESAs have eight

predicted transmembrane helices (TMHs). However, analogous to the structure of BcsA, a bacterial

CESA, predicted TMH5 in CESA may instead be an interfacial helix. This would place the conserved

FxVTxK motif in the plant cell cytosol where it could function as a substrate-gating loop as occurs in

BcsA. To define the functional importance of the CESA region containing FxVTxK, we tested five

parallel mutations in Arabidopsis thaliana CESA1 and Physcomitrella patens CESA5 in complemen-

tation assays of the relevant cesamutants. In both organisms, the substitution of the valine or lysine

residues in FxVTxK severely affected CESA function. In Arabidopsis roots, both changes were corre-

lated with lower cellulose anisotropy, as revealed by Pontamine Fast Scarlet. Analysis of hypocotyl

inner cell wall layers by atomic force microscopy showed that two altered versions of Atcesa1 could

rescue cell wall phenotypes observed in the mutant background line. Overall, the data show that the

FxVTxKmotif is functionally important in two phylogenetically distant plant CESAs. The results show

that Physcomitrella provides an efficient model for assessing the effects of engineered CESA muta-

tions affecting primary cell wall synthesis and that diverse testing systems can lead to nuanced

insights into CESA structure–function relationships. Although CESA membrane topology needs to

be experimentally determined, the results support the possibility that the FxVTxK region functions

similarly in CESA and BcsA.
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Introduction

Cellulose is an abundant biopolymer that is produced by all land
plants as well as some bacteria, protists, algae and tunicates. Cellulose
microfibrils, composed of β-1,4-glucan chains, are major structural

elements of plant cell walls, which in turn are important renewable
biomaterials. Plant cellulose synthases (CESAs), the glycosyltrans-
ferases that synthesize the β-1,4-glucan chains in cellulose, assemble
in the plasma membrane to form rosette-type (six-lobed) cellulose
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synthesis complexes (CSCs; Kimura et al. 1999). In seed plants, these
typically contain three isoforms within a CESA protein family. For ex-
ample, in Arabidopsis thaliana 10 CESAs group into 6 clades with
non-redundant roles in cellulose synthesis. Members of three clades
(AtCESA1, 3 and 6 like) are required to synthesize cellulose within
the primarywalls of expanding cells. In contrast, seven CESA isoforms
are found in the moss Physcomitrella patens, a non-vascular plant.
These form two clades that are distinct from the clades formed by
seed plant CESAs, indicating that the CESA families of mosses and
seed plants diversified independently from a single common ancestral
gene (Roberts and Bushoven, 2007).

Despite differences in protein sequence arising from independent
diversification of Arabidopsis and Physcomitrella CESAs, both organ-
isms have rosette-type CSCs that were presumably inherited from their
common green algal ancestor (Roberts et al. 2012). These CSCs syn-
thesize microfibrils, which may then form larger macrofibrils and/or
interact with cell wall matrix polymers to form a composite cell wall
(Cosgrove, 2014; Haigler et al. 2014). The properties of cellulosic bio-
materials depend on several attributes of cellulose, including its quan-
tity, degree of polymerization, microfibril width, degree of crystallinity
and capacity to interact with other polymers (Himmel et al. 2007;
Pauly and Keegstra, 2008). Once we fully understand how cellulose
biosynthesis and microfibril formation are regulated, we can tailor
the biophysical properties of cellulose in diverse ways to optimize vari-
ous plant products.

Structural insights into CESAs have been available since 2013, be-
ginning with the solved atomic structure of a bacterial CESA (BcsA;
Morgan et al. 2013) and the generation of a congruent ab initio com-
putational model of the large cytosolic domain of a plant CESA
(Sethaphong et al. 2013). Structural comparisons show that the mech-
anism of glucan chain polymerization has been generally conserved
since bacteria and plants diverged, while differences in the structure,
interactions and regulation of CESAs have also evolved (Slabaugh
et al. 2014a). For example, BcsA has eight transmembrane helices
(TMHs), and CESA is predicted to have the same number (Figure 1A),
but sequence alignments of the two proteins indicate that at least some
of these TMHs are not homologous (Slabaugh et al. 2014a). In
addition, the region joining putative TMH5 and TMH6 of CESA is
predicted to face the apoplast, whereas the homologous region in
BcsA is in the bacterial cytosol where it functions as a gating loop to
control the access and interaction of the UDP-glucose substrate with
the catalytic site (Morgan et al. 2014). Alternatively, if putative
TMH5 in CESA were instead an interfacial helix (IF), analogous to
IF3 in BcsA, the putative CESA “gating loop” would face the cytosol
of plant cells (Figure 1B). These uncertainties point to the need to
obtain additional information about this region in CESA, which we
will refer to as the TMH5–TMH6 region while acknowledging that
putative TMH5 may in fact be an IF helix.

The 20 amino acids in the substrate-gating loop between IF3 and
TMH7 in BcsA include the amino acid residues FAVTAK as part of an
FxVTxK motif (Morgan et al. 2014). When the gating loop is in the
“open” position, the phenylalanine and valine residues interact with a
hydrophobic pocket created by IF2 and IF3, allowing substrate to ac-
cess the active site. When the gating loop is in the “inserted” position,
the F, V, T and K residues participate in coordinating UDP in the active
site (Morgan et al. 2014). Cyclic-di-GMP (c-di-GMP) acts as an
allosteric regulator of the gating loop position by binding to the
PilZ domain. When c-di-GMP is absent, the gating loop occludes
the active site during a “resting” state for the protein. In the resting
state, a conserved arginine (R580) in the PilZ domain interacts with
the carbonyl group of a threonine (T511) in the gating loop (located

three amino acids downstream of FAVTAK) and the side chain of a
glutamate (E371) in the cytosolic domain, a residue that is conserved
in prokaryotes (Morgan et al. 2014). In contrast, the gating loop
moves into the “open” or “inserted” conformations when c-di-GMP
is present and binds to the PilZ domain. This binding results in the
180° rotation of the R580 side chain, breaking its interaction with
T511 and E371 (Morgan et al. 2014). Therefore, the BcsA gating

Fig. 1. The conserved FxVTxK motif occurs between putative TMH5 and TMH6

in plant CESAs (A) Schematic of the predicted topology of CESA with eight

putative TMHs indicated by grey boxes. The dashed line indicates the

position of the cytosolic domain. (B) Alternate topology of plant CESAs that

would be more consistent with the topology of RsBcsA. In this scenario,

TMH5 would lie close to the membrane as an interfacial helix (IF). (C) Protein

sequence alignment of representative plant and bacterial CESAs showing

conservation of the FxVTxK motif in the region designated by the boxes in

(A) and (B). See also Supplementary material, Figure S1 and Table S1, for

protein sequence identifiers. Arrows and the black line designating the acidic

motif indicate residues targeted for mutagenesis in the currently reported

research.
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loop plays a fundamental role in regulating the synthesis of
β-1,4-glucan in Rhodobacter sphaeroides.

The residues at the T511 and E371 positions in BcsA are not con-
served in plant CESAs, which also lack the regulatory PilZ domain.
These differences are consistent with the absence of c-di-GMP in
plants, and they again indicate the need for empirical analysis of the
plant CESA TMH5–TMH6 region, which contains an FxVTxK
motif (Figure 1C; Supplementary data, Figure S1). However, there
are 5–10 additional amino acids between the helical regions in various
CESAs when compared with BcsA, including 4–5 acidic residues
in CESA when compared with 1–3 acidic residues in bacterial CESAs
(Figure 1C). The TMH5–TMH6 region affects CESA function as
shown by three missense mutations: Oscesa4G858R (bc11) in Oryza
sativa (rice) and Atcesa1F954L and Atcesa3T942I (ixr1–2) inArabidopsis
thaliana. The Oscesa4G858R mutation occurs at the end of predicted
TMH5. This change of glycine to arginine results in a brittle culm,
dwarfism, altered arabinoxylan and cellulose content, and resistance
to a cellulose biosynthesis inhibitor (2,6-dichlorobenzonitrile; Zhang
et al. 2009). The change from phenylalanine to lysine in the FxVTxK
motif of AtCESA1 (Atcesa1F954L) impairs CESA1 function during
root elongation (Slabaugh et al. 2014b). Changing the threonine residue
to isoleucine in AtCESA3 (Atcesa3T942I) confers resistance to a cellulose
biosynthesis inhibitor (isoxaben), decreases cellulose content and crys-
tallinity and increases CSC velocity at the plasma membrane (Scheible
et al. 2001; Harris et al. 2012).

To further understand the functionality of the TMH5–TMH6
region in plant CESA, we tested additional missense mutations and
deletion or mutation of the acidic motif in Arabidopsis AtCESA1
and Physcomitrella PpCESA5 (Table I). We hypothesized that other
conserved residues in this region would be required for function in
phylogenetically distant CESAs and that the additional residues in
CESA (when compared with BcsA), such as the longer acidic motif,
would also be functionally important. The genetic complementation
experiments took advantage of existing mutant cesa lines, which pro-
vided the background genotypes for expression of engineered CESAs
followed by assessment of the extent of restoration of the wild type
phenotypes. For Arabidopsis experiments, we used the Atcesa1A549V

(rsw1-1) mutation in AtCESA1 as the background genotype. This
mutation manifests as short swollen primary roots when grown at a
restrictive temperature in association with disassembly of the CSC,
which disrupts crystalline cellulose synthesis (Baskin et al. 1992; Arioli
et al. 1998; Peng et al. 2000;Wang et al. 2008). Therefore, this mutant
line acts as an effective protein null at the restrictive temperature. The
focus on AtCESA1 for genetic complementation assays is supported
by its knockout causing gametophytic lethality (Persson et al. 2007);

apparently, no other CESA can substitute for it within a functional
CSC. Adapting methods of others (Chen et al. 2010; Fujita et al.
2013), we previously used the Atcesa1A549V line to show that muta-
tion of the phenylalanine in the FxVTxK motif is detrimental to
CESA function (Slabaugh et al. 2014b). For Physcomitrella experi-
ments, we used a knock-out line of PpCESA5 that was produced
through homologous recombination and is impaired in the formation
of leafy gametophores due to a deficiency in crystalline cellulose (Goss
et al. 2012). We previously established the parameters for an engi-
neered CESA complementation assay in Physcomitrella based on
this knock-out mutant (Scavuzzo-Duggan et al. 2015).

The results reported here, together with prior results on one Arabi-
dopsis missense mutation (Slabaugh et al. 2014b), demonstrate that the
phenylalanine, valine and lysine residues in the FxVTxK motif are es-
sential for normal function of AtCESA1 and PpCESA5, representing
two phylogenetically distant land plant CESAs. Cell wall characteristics
were analyzed on selected Arabidopsis mutants to show that mutations
in AtCESA1 were sometimes associated with changes in cellulose
anisotropy in roots, while other cell wall architecture phenotypes in
theAtcesa1A549Vmutant linewere complemented in hypocotyls. In con-
trast, deletion ormutation of the acidic residues hadmilder or no effects
on the developmental phenotypes, with some differences observed
between the Arabidopsis and Physcomitrella assays. Possible reasons
for the differences are discussed, along with the implications for future
assessments ofCESA function through genetic complementation assays.
The data also showed that the radial swelling and root elongation
phenotypes are separable in Atcesa1A549V, and they have implications
for the possible differential effects of one inactive CESA within the
CSC when compared with non-functionality of the entire CSC. In
general, the results support the possibility of conserved function of
the region containing the FxVTxK motif in diverse CESAs over evolu-
tionary time.

Results

Effects on Arabidopsis primary root development due to

changes in the TMH5–TMH6 region of AtCESA1

As expected, root elongation was inhibited compared with the Col-0
wild type line when the Atcesa1A549V mutant line was exposed to a
restrictive temperature of 29°C (Figure 2A). Expressing wild type
CESA1 in the mutant background line under control of the native
promoter as a positive control (AtCESA1wild type) allowed roots to
elongate normally at the restrictive temperature. Five mutations in
CESA1 were tested in this complementation assay. Two of these,

Table I. Summarized phenotypic data and nature of mutations for AtCESA1 and PpCESA5

AtCESA1 mutation Rescue root
length?a

Rescue root
swelling?a

PpCESA5 mutation Rescue
gametophores?b

Amino acid change

T952V Partial Yes T954V Yes Polar uncharged to hydrophobic
F954L (Slabaugh et al. 2014b) No ND F956L Partial Aromatic to hydrophobic
V956D No Yes V958D Partial Hydrophobic to acidic
K959E No Yes K961E Partial Basic to acidic
Mutated acidic motif
(DEDGD to NQNGN)

Partial Yes Mutated acidic motif
(DDED to NNQN)

Yes Removal of acidic charge

Deleted acidic motif (DEDGD) Partial Yes Deleted acidic motif (DDED) Yes Deletion of 4–5 amino acids

ND, not determined.
aIn AtCESA1 experiments, phenotypes arising from the background rsw1-1 mutation were short roots and swollen root tips at restrictive temperature.
bIn PpCESA5 experiments, the knock-out line had fewer colonies with gametophores when compared with wild type.
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Atcesa1V956D and Atcesa1K959E, were unable to rescue the short
root phenotype. Three mutations [Atcesa1T952V; deleting the acidic
motif (DEDGD, Atcesa1deleted acidic motif ); and mutating the acidic
motif to remove the acidic charge (changing DEDGD to NQNGN,
Atcesa1mutated acidic motif )] resulted in intermediate root length com-
pared with the Atcesa1A549V mutant line and the positive control.

Evidence that mutant CESAs were present when

Arabidopsis roots remained short

Contrary to the variable effects on root length just described, all of the
experimental lines including the positive control rescued the radial
swelling of the root tip that is characteristic of the Atcesa1A549V

mutant line when exposed to a restrictive temperature (Figure 2B).
We interpret this effect as supporting: (i) protein expression in each
of the experimental lines and (ii) the assembly of the CSC in the five
TMH5–TMH6 mutant lines (see Discussion).

Partial rescue of the root length phenotype for three mutations
provides additional evidence that the mutant proteins are expressed
and can function to a limited degree. For the two mutant proteins
that did not rescue the root length phenotype (Atcesa1V956D and
Atcesa1K959E), we conducted additional experiments to support the
conclusion that lack of phenotypic complementation was due to
aberrant CESA1 function and not a lack of protein expression. For
Atcesa1K959E, we implemented an established strategy of expressing
the mutant protein in the Atcesa6prc1Atcesa1A549V YFP-CESA6 back-
ground (hereafter referred to asAtcesa1A549VYFP-CESA6) in order to
monitor CSC presence and subcellular localization by laser scanning
confocal microscopy (Chen et al. 2010; Fujita et al. 2013; Slabaugh
et al. 2014b). The fluorescent tag on CESA6 marks the presence of
intact heteromeric CSCs and provides an indirect confirmation of
the expression of the experimental CESA1 allele. When Atcesa1A549V

YFP-CESA6 hypocotyls are grown at a permissive temperature
(22°C), YFP-CESA6 can be visualized near the plasma membrane as
small fluorescent puncta (Supplementary data, Figure S2B) because
the A549V substitution does not cause CSC disassembly at the permis-
sive temperature. In contrast, when the hypocotyls are shifted to a re-
strictive temperature (27 or 29°C), YFP-CESA6 fluorescence becomes
depleted near the plasma membrane due to CSC disassembly (Supple-
mentary data, Figures S2E and S3B; Arioli et al. 1998; Wang et al.
2008; Chen et al. 2010; Fujita et al. 2013). The positive control line,
Atcesa1A549V YFP-CESA6 AtCESA1wild type, showed YFP fluores-
cence near the plasma membrane at all three growth temperatures
(Supplementary data, Figures S2A, D and S3A; Chen et al. 2010;
Fujita et al. 2013). Similarly, the Atcesa1A549V YFP-CESA6
Atcesa1K959E hypocotyls also showed small fluorescent puncta at
the plasma membrane at both permissive (22°C) and restrictive (29°C)
growth temperatures (Supplementary data, Figure S2C and F).
These observations were confirmed by determining the density of
the fluorescent plasma membrane particles (Supplementary data,
Figure S2G), and the combined data are consistent with in vivo expres-
sion of AtCESA1K959E.

This approach was not effective for the Atcesa1V956D line due to
the inability to identify any Atcesa1A549V YFP-CESA6 Atcesa1V956D

line with sufficiently high YFP expression, despite analyzing many
individual transformant lines. Alternatively, we used allele-specific
quantitative real-time PCR (qRT-PCR) to specifically amplify
sequences containing the codon for aspartic acid in the mutant allele
and not the valine in the wild type allele. The expression of the
D956 mutant allele was 7- to 14-fold higher in two independent
Atcesa1V956D lines when compared with Col-0 or the Atcesa1A549V

mutant lines (Supplementary data, Figure S4A). We further confirmed
that the total amount ofCESA1mRNAwas in the normal range for all
the lines tested by using common primers that amplified all three
AtCESA1 alleles (wild type, Atcesa1V549 and Atcesa1D956; Supplemen-
tary data, Figure S4B). Overall, the data are consistent with the rescue
of the root swelling phenotype and support the likelihood that the
short roots observed at the restrictive temperature in theAtcesa1V956D

Fig. 2. Primary root length and radial swelling phenotypes of Atcesa1A549V

seedlings expressing mutations to the TMH5–TMH6 region when exposed to

a restrictive temperature. Seedlings were grown for 5 days at a permissive

temperature and transferred to a restrictive temperature of 29°C for two

additional days. (A) Atcesa1A549V seedlings expressing Atcesa1V956D or

Atcesa1K959E retain the short primary root length phenotype, indicating that

the amino acid substitutions severely affect AtCESA1 function. Atcesa1A549V

seedlings expressing Atcesa1T952V, Atcesa1mutated acidic motif or Atcesa1deleted
acidic motif all show intermediate primary root lengths compared with Col-0

and the AtCESA1wild type positive control, indicating that the changes

generate partially functional AtCESA1. (B) All mutant lines tested rescued the

severe radial swelling that occurs at the root tip of Atcesa1A549V seedlings,

consistent with incorporation of the mutant proteins into the CSC at a

restrictive temperature. At least three experimental trials were performed,

with a total n ≥ 15 or n ≥ 30 for measurements of root diameter or length,

respectively, in each genotype. Error bars represent standard deviation. Bars

with different letters reflect statistically different means (P < 0.05, ANOVA).

Scale bar equals 0.3 mm.
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seedlings arise from the presence of an AtCESA1V956D protein with
compromised functionality.

Cellulosemicrofibril anisotropy and cell wall architecture

in Atcesa1 mutants

We used laser scanning confocal microscopy to analyze the fluores-
cence of cellulose-binding Pontamine Fast Scarlet (S4B; Anderson
et al. 2010; Miart et al. 2014) and the FibrilTool plug-in for ImageJ
(Boudaoud et al. 2014) to analyze cellulose microfibril alignment in
the hydrated roots of the Arabidopsis mutant lines (Figure 3). Seed-
lings were grown for 5 d at a lower restrictive temperature (27°C
instead of 29°C) in order to support germination and sufficient
seedling growth to allow these analyses to be conducted. Even at
high magnifications, the microfibril patterns are not discernable by
eye in the images, which are displayed in Supplementary data,
Figure S5. The quantitative output of the FibrilTool is shown in
Figure 3: the anisotropy values are unitless, with a score of 0 represent-
ing no order and a score of 1 representing perfect order (Boudaoud
et al. 2014). Consistent with their failure to rescue the short root
phenotype (Figure 2A), the roots of theAtcesa1V956D andAtcesa1K959E

lines showed lower cellulose anisotropy values that were similar to the
Atcesa1A549V line (Figure 3). In contrast, the three lines that showed
partial rescue of the root length phenotype (Atcesa1T952V,
Atcesa1mutated acidic motif and Atcesa1deleted acidic motif ) did not show
any significant change in anisotropy when compared with Col-0 and
the AtCESA1wild type positive control line (Figure 3). Given the lower
restrictive temperature used in this experiment, we confirmed that the
root length phenotypes were generally similar in the TMH5–TMH6
mutants at 27°C (Figure 4A) when compared with 29°C (Figure 2A).
We also confirmed that the CSCs remained depleted from the plasma
membrane of hypocotyls whenAtcesa1A549VYFP-CESA6 was exposed
to 27°C (Supplementary data, Figure S3). Because the laser scanning
microscopy used to detect CSCs and atomic forcemicroscopy (Figure 5)
were conducted on hypocotyls grown in the dark at 27°C, the hypocotyl
length was also determined in all of the genotypes (Figure 4B). The

Atcesa1V956D and Atcesa1K959E mutations caused proportionally less
severe effects on hypocotyl elongation when compared with root elong-
ation (compare Figure 4A and B; see Discussion).

Atomic force microscopy (AFM) was used to analyze the architec-
ture of the innermost layer of hydrated hypocotyl cell walls at higher
resolution. The hypocotyls were assayed because this organ is more
amenable to AFM analysis with consistent results within a genotype
(Lei et al. 2014). The lines analyzed included Col-0, Atcesa1A549V

and two TMH5–TMH6 mutants, Atcesa1T952V and Atcesa1V956D,
both of which had reduced hypocotyl elongation when grown for
5 days at 27°C (Figure 4B). Only theAtcesa1A549Vmutant line showed

Fig. 3. Cellulose microfibril anisotropy is lower in the Atcesa1A549V,
Atcesa1V956D and Atcesa1K959E roots. Similar to the Atcesa1A549V mutant line,

the Atcesa1V956D and Atcesa1K959E mutant lines had low cellulose anisotropy

values, indicative of less organized cellulose microfibrils, which is consistent

with their persistent short roots. In contrast, no significant differences in

anisotropy were observed in the three other mutant lines, wild type or the

AtCESA1wild type control. Three experimental trials, each with three biological

replicates, were performed leading to a total of n ≥ 39 cells analyzed for

anisotropy in each genotype. Error bars represent standard deviation. Bars

with different letters reflect statistically different means (P < 0.05, ANOVA).

Representative micrographs of S4B-stained roots used for analysis with

FibrilTool are available in Supplementary material, Figure S5.

Fig. 4. Root and hypocotyl lengths of 5 -day-old seedlings grown at a lower

restrictive temperature of 27°C. (A) Primary root lengths were measured in

light-grown seedlings. All mutants tested have shorter primary roots than

Col-0 and the positive control (AtCESA1wild type). Atcesa1V956D roots were

similar in length to Atcesa1A549V; however, Atcesa1K959E roots were slightly

longer than Atcesa1A549V. The Atcesa1T952V, Atcesa1mutated acidic motif and

Atcesa1deleted acidic motif mutants all showed intermediate primary root

lengths. (B) Hypocotyl lengths were measured in dark-grown seedlings.

Similarly to the primary root length phenotype, all mutants tested had

shorter hypocotyls compared with Col-0 and the positive control

(AtCESA1wild type). The Atcesa1T952V, Atcesa1mutated acidic motif and

Atcesa1deleted acidic motif mutants all showed intermediate hypocotyl lengths.

However, the hypocotyls in the Atcesa1V956D and Atcesa1K959E mutants were

more than twice as long as hypocotyls in the Atcesa1A549V mutant line.

Notably, the lengthening of dark-grown hypocotyls was less hindered by the

V956D and K959E mutations when compared with root elongation. At least

three experimental replicates were performed for each phenotype, leading to

n≥ 24 or n≥ 42 measurements for root or hypocotyl length, respectively. Error

bars represent standard deviation. Bars with different letters reflect statistically

different means (P < 0.05, ANOVA).
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consistently disordered inner cell wall architecture (Figure 5A–D), and
it was also the only line that had thicker cell wall fibrils compared with
the Col-0, Atcesa1T952V and Atcesa1V956D lines (Figure 5E). The
Atcesa1A549V cell walls also had a wider distribution of fibril widths
due to the presence of thicker fibrils when compared with the other
lines analyzed. For all lines analyzed, most of the fibril widths are
substantially larger than the estimated 3 nm maximum diameter of a

single cellulose microfibril emanating from one CSC (Fernandes et al.
2011; Zhang et al. 2014), implying that the fibrils represent higher
order assembly in the cell wall due to cellulose–cellulose and/or cellu-
lose–matrix interactions (Zhang et al. 2015). Cumulatively, the results
show that two altered versions of Atcesa1 could rescue severe cell wall
defects in the Atcesa1A549V line grown at restrictive temperature,
although hypocotyl elongation occurred to an intermediate extent
compared with the control and Atcesa1A549V lines (Figure 4B).

Effects on Physcomitrella gametophore formation as a

result of changes in the TMH5–TMH6 region of PpCESA5

A parallel set of changes in the TMH5–TMH6 region of PpCESA5
was tested by complementation of the Ppcesa5 knock-out line with
abnormal gametophore formation (Figure 6; Goss et al. 2012). In add-
ition, the equivalent of the F954L mutation for Arabidopsis CESA1
(Slabaugh et al. 2014b) was tested (Supplementary data, Figure S6).
(Note that the numbering of PpCESAs is arbitrary because the
CESA gene family diversified independently within the seed plant
and moss lineages, resulting in no CESA orthologs between
Arabidopsis and Physcomitrella.) For these assays, samples of

Fig. 5.Atomic forcemicroscopy revealed alterations in hypocotyl inner cell wall

architecture of the Atcesa1A549V mutant line, but not two experimental mutant

lines. All lines were grown for 5 days at a restrictive temperature of 27°C. (A–D)

The Atcesa1A549V mutant hypocotyls showed more disordered cell wall

architecture compared with the overall parallel orientation observed in Col-0

or the Atcesa1T952V and Atcesa1V956D mutant hypocotyls, as shown by

comparison of these representative images. The areas in the black boxes are

displayed at higher magnification in the insets within each panel. (E) Only the

Atcesa1A549V mutant had cell wall fibrils with wider average diameter when

grown at a restrictive temperature (n = 200 measurements from at least four

representative images per genotype). Bars with different letters reflect

statistically different means (P < 0.05, ANOVA). The scale bars in (A) equal

100 nm and apply to the other panels, either the lower magnification images

or the insets, as shown in (A).

Fig. 6. The V958D and K961E mutations alter PpCESA5 function. Ppcesa5
knock-out lines expressing Ppcesa5V958D and Ppcesa5K961E had fewer

colonies that produced gametophores compared with the positive control

(PpCESA5wild type), but more colonies that produced gametophores than the

negative control (empty vector). In contrast, the Ppcesa5T954V, Ppcesa5mutated

acidic motif and Ppcesa5deleted acidic motif mutations all resulted in a similar

number of colonies that produced gametophores compared with wild type.

Bars with different letters reflect statistically different means within each set

of histograms (P < 0.05, Fisher’s exact test).
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protoplasts prepared from the knock-out line were transformed with
mutant PpCESA5 constructs in parallel with the positive control
(PpCESA5wild type) and the empty vector as a negative control. The re-
sulting stable transgenic lines (10–65 per genotype) were analyzed for
gametophore formation. Generally, complementation of the Ppcesa5
knock-out line resulted in∼60–80%of colonies that produced normal
gametophores.

Similar to the compromised function of AtCESA1 with the F954L
mutation (Slabaugh et al. 2014b), the F956L mutation in PpCESA5
(Ppcesa5F956L) failed to support normal gametophore formation (Sup-
plementary data, Figure S6). Reflecting substitution of valine and lysine
in the FxVTxK motif, fewer of the Ppcesa5V958D and Ppcesa5K961E

lines produced gametophores compared with the positive controls
(Figure 6).Western blot analysis confirmed that the colonies that did not
produce gametophores were expressing Ppcesa5F954L, Ppcesa5V958D or
Ppcesa5K961E (Supplementary data, Figure S7). The other changes
tested in Physcomitrella [Ppcesa5T954V, deleting the acidic motif and
mutating the acidic motif (changing DDED to NNQN)] did not affect
the number of lines that produced gametophores (Figure 6).

Discussion

These results together with others (Slabaugh et al. 2014b) demonstrate
the importance of the F, V and K residues of the widely conserved
FxVTxK motif for the function of CESAs involved in primary wall
synthesis in phylogenetically distant Arabidopsis and Physcomitrella.
When phenylalanine, valine or lysine was substituted with another
amino acid with different properties in AtCESA1 or PpCESA5 (see
Table I), the altered cesa genes failed to complement the relevant mu-
tants: Arabidopsis roots remained short or fewer gametophores
formed in Physcomitrella. Impairment of CESA function by a single
alternate amino acid was supported by evidence that the altered pro-
teins accumulated in the experimental lines. The conserved threonine
in the same motif has been shown to modulate protein activity in
AtCESA3, another CESA involved in seed plant primary wall forma-
tion (Scheible et al. 2001; Harris et al. 2012).

In bacterial BscA, the F, V, T and K residues in the FxVTxK motif
bind to UDP as the UDP-glucose substrate for cellulose polymerization
is inserted into the active site (Morgan et al. 2014). Such a role is not
yet established for plant CESAs. However, if this motif were on the
outside of the plasma membrane, as suggested by predictions of
CESA TMH topology, it would not be able to participate in substrate
gating. Given the experimental evidence that each of the F, V, T and K
residues continues to be important for plant CESA function, it is more
likely that FxVTxK exists in the cytosol of plant cells where it could
function in substrate gating as in BcsA. This conformation would be
generated if CESATMH5were an IF helix instead of a TMH. A solved
atomic structure for plant CESA is needed to resolve its topology
definitively. In the meantime, biochemical experiments are in progress
to test plant CESA topology empirically.

All of the mutations tested in Arabidopsis rescued the radial swel-
ling phenotype of Atcesa1A549V regardless of the ability of the mutant
proteins to rescue the primary root length or cellulose anisotropy
phenotypes. Only the Atcesa1A549V mutant line showed persistent
root swelling at a restrictive temperature in the complementation
experiments, just as it was the only line tested that had a disordered
inner cell wall layer and wider cell wall fibrils in AFM analysis of
hypocotyls grown at restrictive temperature. These severe cell wall
defects in the Atcesa1A549V line at the 27°C restrictive temperature
are consistent with the disassembly of the CSC and disruption
of crystalline cellulose synthesis observed at higher restrictive

temperatures (Baskin et al. 1992; Arioli et al. 1998; Peng et al.
2000; Wang et al. 2008). Our data suggest that even a functionally im-
paired AtCESA1 protein could substitute within the CSC and restore
normal root width, as long as the experimental amino acid change
allowed the CSC to persist at the plasma membrane at restrictive tem-
perature. The data further imply that two functional CESA isomers
(e.g., AtCESA3 and AtCESA6 or AtCESA6 like) are able to support
the synthesis of cellulose sufficiently to prevent root swelling. In con-
trast, normal root and hypocotyl elongation did not occur when the
function of the FxVTxKmotif in AtCESA1was compromised, indicat-
ing that potential factors such as increased demands on the cellulose
microfibril system or increased activity within cell wall integrity sens-
ing mechanisms come into play during these elongation processes
when compared with constraining the diameter of the root tip. The
persistent short roots at restrictive temperature in the Atcesa1V956D

and Atcesa1K959E lines, as well as the Atcesa1A549V mutant line,
correlated with their lower cellulose anisotropy as revealed by S4B
staining in comparison with Col-0 and other mutant lines. This result
is consistent with the well-known role of anisotropic cellulose in help-
ing to regulate the expansion of plant cells and organs (Baskin, 2005;
Szymanski and Cosgrove, 2009). Presently, we do not know how the
mutation of single residues in the TMH5–TMH6 region of AtCESA1
could affect cellulose microfibril organization in the primary cell wall.
This effect could arise through changes in the rate of β-1,4-glucan
polymerization, cell expansion or cell wall integrity sensing (Liu
et al. 2015).

Comparison and contrast of phenotypic effects

of Atcesa1 mutations

Measuring primary root lengths of seedlings grown for 5 days at
permissive temperature followed by 2 days at restrictive temperature
is commonly used in experiments involving the Atcesa1A549V mutant
line (Baskin et al. 1992; Arioli et al. 1998; Fujita et al. 2013), and this
temperature regimewas also used in our experiments (Figure 2). How-
ever, it was difficult to analyze the cell wall characteristics of such
plants due to heterogeneous walls formed at different temperatures.
Initial efforts to grow Atcesa1A549V seedlings at constant 29°C failed
due to very low rates of germination and subsequent growth. Sufficient
and more homogeneous cell walls were generated for further analysis
by use of 27°C as a lower but still restrictive temperature, as demon-
strated by clearing of CSCs from the plasma membrane and inhibition
of root and hypocotyl elongation in the Atcesa1A549V line (Figure 4;
Supplementary data, Figure S3).

During the phenotypic analysis, we observed similar trends
between temperature regimes along with differences between organ
types when comparingmutant and control lines after 5 days of growth
at 27°C. Under this growth regime, the elongation of light-grown
primary roots remained greatly inhibited in the Atcesa1K959E and
Atcesa1V956D seedlings (∼28% of Col-0 on average), similar to the
Atcesa1A549V mutant line except for slightly greater elongation of
the Atcesa1K959E roots (Figure 4A). In contrast, the elongation of
the dark-grown hypocotyls in the Atcesa1K959E and the Atcesa1V956D

seedlings was much greater than in the Atcesa1A549V mutant line and
closer to the control values (∼65% of Col-0 on average). This differ-
ence between degree of growth inhibition in roots and hypocotyls did
not occur in the context of overall milder phenotypes at restrictive
temperature in Atcesa1T952V or when the AtCESA1 acidic motif was
mutated or deleted: after complementation with each of these variant
genes, both roots and hypocotyls elongated to ∼75% of Col-0 values
on average. For the Atcesa1V956D line that was analyzed by both S4B

The conserved FxVTxK motif is important for CESA function 515

 at Pennsylvania State U
niversity on July 24, 2016

http://glycob.oxfordjournals.org/
D

ow
nloaded from

 

http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwv118/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwv118/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwv118/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwv118/-/DC1
http://glycob.oxfordjournals.org/


staining and AFM after growth at restrictive temperature: (i) the great-
ly hindered root elongation (Figure 4A) is consistent with low cellulose
anisotropy (Figure 3) like the Atcesa1A549V mutant line (Figure 3) and
(ii) the less hindered hypocotyl elongation (Figure 4B) is consistent
with the relatively normal inner cell wall layer (Figure 5D and E) in
contrast to the altered cell wall architecture and fibril width pheno-
types in the short hypocotyls (Figure 4B) of the Atcesa1A549V mutant
line (Figure 5B and E). The differences observed between the extent of
elongation of light-grown roots and dark-grown hypocotyls of the
Atcesa1V956D and Atcesa1K959E mutants may relate to light-mediated
regulation of cellulose synthesis (Desnos et al. 1996; Bischoff et al.
2011), which may have stronger impacts when cellulose synthesis is
severely impaired through particular changes in the CESA sequence.

Assessment of Physcomitrella as a rapid screening

system for probing CESA structure–function

relationships

Arabidopsis and Physcomitrella sometimes responded differently to
homologous changes in their CESAs. For example, Atcesa1 carrying
mutations in the F, V or K residues did not rescue root elongation at
restrictive temperature, whereas various degrees of partial rescue of
the gametophore phenotype occurred upon making the parallel
changes in Physcomitrella. Substitution of the K residue had the stron-
gest negative impact in Physcomitrella, whereas substitution of F956L
still allowed approximately two-thirds of the colonies to produce ga-
metophores compared with PpCESA5wild type in moss (Figure 6; Sup-
plementary data, Figure S6). Other differences between organisms
were observed upon substituting the plant-conserved threonine two re-
sidues upstream of FxVTxK, mutating the acidic motif to contain neu-
tral amino acids, or deleting the acidic motif. These changes did not
affect gametophore formation in Physcomitrella, whereas root growth
at restrictive temperature remained partly hindered in Arabidopsis.
Possibly, the residues surrounding FxVTxK have acquired functions
during land plant evolution, regulating plant CESA function through
fine control mechanisms that remain to be determined.

Overall, the results show that the PpCESA5 complementation
assay in Physcomitrella is useful for identifying residue and motif
changes that are likely to have substantial impacts on AtCESA1 func-
tion and organ elongation in seed plants. Testing mutations in PpCE-
SA5 can be completed as rapidly as 7 weeks with several tests run in
parallel (Scavuzzo-Duggan et al. 2015), whereas testing multiple mu-
tations by Arabidopsis plant transformation can take up to 6 months.
Based on these initial trials of the two complementation systems run in
parallel, 40% of the moss assays on PpCESA5would produce changes
in gametophore number that would be paralleled by changes in organ
elongation in Arabidopsis. Our previous work showed that the change
of a widely conserved arginine to lysine (an R453Kmutation in PpCE-
SA5) only partially rescued gametophore formation, whereas no ga-
metophores were formed in the R453D line (Scavuzzo-Duggan et al.
2015). The R453Kmutation is analogous to the relatively mild Arabi-
dopsis fra6 mutation in AtCESA8 (Zhong et al. 2003). Therefore, the
moss complementation system can also be used in the future to test the
effects of different amino acid substitutions at one location.

The different developmental contexts of the assays in each organ-
ism may have impacted the currently reported comparisons of the ef-
fects of parallel changes in phylogenetically distant CESAs. AtCESA1
is required for both gametogenesis and embryo viability through par-
ticipating in cytokinesis and cell plate formation as well as for forma-
tion of the typical primary walls of expanding cells (Arioli et al. 1998;
Gillmor et al. 2002; Beeckman et al. 2002; Persson et al. 2007; Miart

et al. 2014). In contrast, PpCESA5 functions specifically in formation
of reproductive gametophores, and it is not required during protone-
mal growth (Goss et al. 2012). The development of thin planar game-
tophores may be less sensitive to alterations in microfibril structure
compared with root elongation in Arabidopsis. Alternatively, particu-
lar CESA isoforms in different organisms may have specific functions
that will only be uncovered through future experiments. Presently, we
have only limited and indirect data about the functional differences be-
tween CESA isoforms in any plant. For example, the rate of CSC
movement in the plasma membrane was slower in dark-grown hypo-
cotyls when AtCESA5, an isoform in the same clade as AtCESA6, be-
came integrated into the CSC of an AtCESA6 knock-out line (Bischoff
et al. 2011). Conversely, when a “secondary wall” CESAwas used to
complement a mutation in a “primary wall” CESA, the rate of CSC
movement became faster than in the control line (Carroll et al.
2012). Understanding the mechanistic implications of the different
CESA clades, both between Phycomitrella and the seed plants and
within the seed plants, remain an important avenue for future research
on cellulose synthesis. Parallel testing of the effects of structural
changes in multiple CESA isoforms as we have demonstrated here
will accelerate the pace of discovery in this area and ultimately lead
to additional useful outcomes of CESA structural engineering.

Materials and methods

Chemicals and kits

All chemicals and kits were acquired from Sigma-Aldrich (St. Louis,
MO) unless otherwise noted.

Statistical analysis

Unless otherwise noted, ANOVA along with Tukey-Kramer post hoc
analysis was used to test statistical differences and establish groups of
means.

Production and growth of transgenic Arabidopsis lines

All of the TMH5–TMH6 mutant cesa genes used in this study were
expressed in either the Atcesa1A549V or Atcesa6prc1 Atcesa1A549V

YFP-CESA6 background, using previously described methods
(Slabaugh et al. 2014b). These lines share the temperature sensitive
Atcesa1A549V mutation, and the latter line integrates an YFP label
on CESA6 within the heteromeric CSC. The mutation lines expressed
in the Atcesa1A549V background are described in the text by the loca-
tion of the experimental amino acid substitution or nature of a motif
change for clarity.

The native AtCESA1 (At4g32410) promoter sequence, including
the 5′UTR and 1 kb sequence upstream of the 5′UTR, was used to
drive the expression of AtCESA1 mutant and wild type sequences.
Site-directed mutagenesis was carried out via overlap PCR (Ho et al.
1989) using mutagenesis primers (Supplementary data, Table S3).
Transformants resistant to the herbicide glufosinate ammonium
were identified by spraying 2-week-old seedlings sown on soil with a
mixture of 0.056 mg/L glufosinate ammonium and 0.04% (v/v) Silwet
L-77 surfactant (Lehle Seeds, Round Rock, TX) three times a week
until selection was complete. Survivors were confirmed as positive
transformants by genotyping. Subsequent generations were selected
on ½ strength Murashige and Skoog (MS) plates that contained
1% (w/v) sucrose, 5 mg/mL glufosinate ammonium and 0.4% (w/v)
Phytagel under constant light for 2 weeks before transplanting seed-
lings to soil for seed propagation.
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Assessing root and hypocotyl phenotypes in transgenic

Arabidopsis lines

All phenotypes were characterized in at least two independent homo-
zygous transgenic lines (at T2 or subsequent generations). Details of
experimental temperature regimes are specified where appropriate in
the text. Primary root length at 29°Cwas analyzed in seedlings expres-
sing AtCESA1 wild type and mutant constructs in the Atcesa1A549V

andAtcesa6prc1 Atcesa1A549V YFP-CESA6 backgrounds. Radial swel-
ling, hypocotyl length and root length at 27°C was only analyzed in
the Atcesa1A549V background, except for in the Atcesa1mutated acidic

motif mutant, which was analyzed in the Atcesa6prc1 Atcesa1A549V

YFP-CESA6 background. Phenotypic data were consistent between
all independent transgenic lines tested for each mutant. Representative
data from one line were used to display phenotypic data graphically.
A complete list of root length data for each independent mutant line
analyzed when grown for 5 days at 22°C and 2 days at 29°C can be
found in Supplementary data, Table S2.

For assessing root phenotypes, seeds from Atcesa1mutant expres-
sion lines, along with seeds from wild type (Col-0), Atcesa1A549V and
Atcesa6prc1 Atcesa1A549V YFP-CESA6 as controls, were grown verti-
cally on ½ strength MS plates with 1% (w/v) sucrose and 0.4% (w/v)
Phytagel. Seedlings were grown under continuous light (100 µmol/m2/
s) to measure root lengths, or in the dark by wrapping plates in alumi-
num foil to measure hypocotyl lengths. All plates were grown at 50%
relative humidity. For root and hypocotyl length measurements, seed-
lings on plates were photographed and then analyzed using ImageJ
(http://rsbweb.nih.gov/ij/). At least three independent experimental re-
plicates were performed in all cases, and n values for measurements
are indicated in each figure legend. For radial swelling analysis, seed-
lings were preserved in Histochoice MB fixative (Electron Microscopy
Sciences, Hatfield, PA) and digital images of the root tips were col-
lected using a light microscope. The seedlings were mounted horizon-
tally on a slide with scotch tape placed on one side nearest to the root
tip to protect it from being distorted by the cover slip. Diameter mea-
surements were made in ImageJ at the widest part of the root tip, with-
in 1–2 mm from the point where the root initials and root cap
separate: this location is where the swelling of the root tip is the
most severe (Baskin et al. 1992; Williamson et al. 2001).

Quantitative RT-PCR on Arabidopsis seedlings

Seedlings were grown as described above for root phenotyping. Three
seedlings were pooled per sample, tissue was flash frozen in liquid ni-
trogen and RNA was extracted using the Spectrum Plant Total RNA
kit. cDNA synthesis was carried out using the TaqMan kit (Applied
Biosystems, Grand Island, NY) with random hexamers and 600 ng
of RNA per reaction. DNase digestion was performed with the DNa-
seI Digestion kit. Quantitative RT-PCR was carried out using SYBR
Green and an ABI 7300 Real-Time PCR System (Applied Biosystems,
Grand Island, NY) with a 30 µL reaction volume and 20 ng of RNA
per sample. UBQ10 (AT4G05320) was used as an internal control
(Czechowski et al. 2005). Three separate experiments were preformed,
each containing two biological and three technical replicates. Fold
change was measured relative to Col-0. For a list of primers, see Sup-
plementary data, Table S3.

Laser scanning confocal microscopy

All analyses were performed with a spinning disk confocal microscope
(Observer SD, Zeiss, Thornwood, NY) equipped with a ×100 1.40
NA oil-immersion objective and an electron multiplying gain camera
(QuantEM 512SC, Photometrics, Tucson, AZ).

For subcellular localization of YFP-CESA6 in Arabidopsis hypo-
cotyls, seeds were sterilized for 20 min in 30% bleach + 0.1% SDS
in water, then were washed four times with sterile water and sus-
pended in sterile 0.15% agar–agar (Research Organics, Cleveland,
OH) at 4°C for 3–10 d. Seedlings expressing YFP-CESA6 were
grown in the dark on ½ strength MS plates without sucrose for either
3 days at 22°C (permissive temperature) or for 2 days at 22°C, then
shifted to 27 or 29°C for 1 d (restrictive temperatures). For all geno-
types, YFP fluorescence was detected in hypocotyl cells just below the
apical hook using a 100 mW 488 nm excitation laser at 100% power
and a 525/50 nm emission filter. All images were collected at the same
exposure time (400 ms, EM gain = 1000, readout gain = 2). Z-series
were captured using a slice interval of 0.2 µm. Substacks were gener-
ated of each z-series that were inclusive of the plane of the plasma
membrane for YFP-CESA6 particle density analysis and particle dens-
ity was quantified computationally using the Spot Detection function
of Imaris (Bitplane, Zurich, Switzerland) (Chen et al. 2010) with a
spot size of 0.25 µm.

For analysis of cellulose anisotropy after S4B staining of Arabidop-
sis roots, seeds were surface sterilized as described above and sown on
plates containing ½ strength MS salts, 0.6 g/L MES (2-ethanesulfonic
acid), 0.8% (w/v) agar–agar (Research Organics, Cleveland, OH), 1%
(w/v) sucrose, pH 5.6 and incubated in a growth chamber (Percival
CU-36L5, Perry, IA) under constant light at 27°C for 5 days. Seedlings
were stained with 0.01% (w/v) Pontamine Fast Scarlet 4B (S4B; a.k.a.
Direct Red 23; Anderson et al. 2010) in liquid MS medium for 30 min,
and thewalls of root elongation zone epidermal cells were imaged using
a 561 nm excitation laser and a 617/73 emission filter. Identical settings
were used to capture all images. Image stacks were projected and con-
trast enhanced in ImageJ, then the anisotropy of microfilbrils was mea-
sured in individual root cells using the FibrilTool plug-in (Boudaoud
et al. 2014). For each genotype, at least 39 cells were measured across
three experimental trials in three individual seedlings per trial.

Atomic force microscopy of inner cell walls

of Arabidopsis hypocotyls

Sterilized seeds were stored in 100 µL distilled water in the dark at 4°C
for 24–72 h before plating (50 seeds per mutant) on ½ strength MS
plates with 0.6 g/L MES (2-ethanesulfonic acid) and 0.8% (w/v)
agar–agar (EMD Science, Billerica, MA) at pH 5.6. Samples were
grown vertically in the dark for 5 days at 27°C.

Between 30 and 50 dark-grown whole hypocotyls for each mutant
and Col-0 were excised using a razor blade after removing the root
and cotyledons. Preparation of cell wall fragments was similar to
published methods (Lei et al. 2014). Briefly, samples were grounded
in liquid nitrogen using a plastic pestle and bench press drill (Model
#137.219090; Sears, Hoffmann Estates, IL) modified to run at
620 rpm, and thawed in 500 µLof 20 mMHEPES [N-(2-hydroxyethyl)
piperazine-N′-(2-ethanesulfonic acid], pH 7.5, plus 0.1% (v/v) Tween
20 detergent. The cell wall fragments were washed twice by repeated
centrifugation (3000 × g, 2 s), removal of the supernatant, and resus-
pension in fresh buffer with vortexing. Finally, samples were resus-
pended in 100 µL buffer and agitated (rocking, 30 min) prior to
centrifugation and resuspension in 50 µL of 20 mM HEPES, pH 7.5,
with no detergent. A drop of sample (5 µL) was partially, but not com-
pletely, dried on a slide, which caused the cuticle side of the hypocotyl
cell wall fragments to adhere. Following rinsing in buffer to remove
unbound fragments, samples were observed in the hydrated state
with an AFM instrument (Dimension Icon system with a NanoScope
V controller; Bruker Corporation, Santa Barbara, CA).
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AFM data were acquired using the tapping PeakForce QNM
program under fluid conditions with a ScanAsyst Fluid + tip with a
nominal spring constant of 0.7 N/m, as reported by the manufacturer.
The tapping PeakForce QNM scanning parameters were controlled by
the system software to achieve the best topography resolution, except
for the scan rate which was set at a constant tip velocity of 1.7 µm/s.
The optical imaging mode was used to select cells with entire borders
for image capture at 1 × 1 µm with 384 × 384 pixels. Images were
acquired from 6 cells (for Col-0, with the most uniform cell wall archi-
tecture) or 14–19 cells (for the experimental lines) within individual
cell wall fragments. Original AFM height images were plane fitted
and flattened using Nanoscope Analysis 1.5v software (Bruker
Corporation, Billerica, MA). The fibril width measurements (200
per sample) were acquired from at least four clear and representative
images per genotype using the same software. For each image, three
350 nm transect lines were drawn at random locations, and the
baseline was determined by hand prior to measuring the widths of
all peaks with defined edges as described in Zhang et al. (2015).
The Fluid+ tip radius was determined to be ∼1.8 nm in previous
work (Zhang et al. 2014), leading to the subtraction of 3.6 nm from
the raw measurements.

Physcomitrella assays

Detailed methods related to the moss assays have been published
previously (Scavuzzo-Duggan et al. 2015). For vector construction,
entry vectors carrying PpCESA5 coding sequences with point or dele-
tion mutations were constructed by PCR fusion and Gateway cloning
(Atanassov et al. 2009) using primers listed in Supplementary data,
Table S3. The mutated coding sequences in pDONR P5-P2 were
transferred along with a triple HA tag in pDONR P1-P5r to the
pTHAct1-Gate destination vector using LR Clonase II Plus (Life
Technologies, Grand Island, NY). pTHAct1-Gate is targeted to the
intergenic 108 locus, confers hygromycin resistance and drives consti-
tutive expression of the transgene via the rice Act1 promoter (Perroud
and Quatrano, 2006).

For each complementation experiment, samples of protoplasts pre-
pared from a PpCESA5 knock-out line ppcesa5KO-2 (Goss et al.
2012) were transformed with one of 3–4 test vectors carrying different
mutated 3XHA-tagged PpCESA5 coding sequences, a positive control
wild type 3XHA-PpCESA5 expression vector or a negative control
empty vector. Regenerated protoplasts were selected through two
rounds of hygromycin treatment and stable transformants were
arrayed on solid medium and incubated. Complementation was
scored by counting the number of stably transformed colonies that
produced gametophores. Data were collected from transformations
that produced 10 or more stable transformants. For each test vector,
the numbers of stably transformed colonies with and without gameto-
phores were compared with the positive and negative controls using
pooled counts from two independent experiments and a two-tailed
Fisher’s exact test of independence (Sokal and Rohlf 1981).

For protein expression analysis, microsomal proteins were ex-
tracted from stably transformed colonies, separated by SDS–PAGE
and transferred to membranes. The membranes were stained for
total proteins with Ponceau S and probed with anti-HA to detect
transgenic protein expression.

Supplementary data

Supplementary data for this article are available online at http://
glycob.oxfordjournals.org/.
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