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The secondary cell walls of tracheary elements and fibers are rich in cellulose microfibrils that are helically oriented and laterally
aggregated. Support cells within the leaf midribs of mosses deposit cellulose-rich secondary cell walls, but their biosynthesis and
microfibril organization have not been examined. Although the Cellulose Synthase (CESA) gene families of mosses and seed
plants diversified independently, CESA knockout analysis in the moss Physcomitrella patens revealed parallels with Arabidopsis
(Arabidopsis thaliana) in CESA functional specialization, with roles for both subfunctionalization and neofunctionalization. The
similarities include regulatory uncoupling of the CESAs that synthesize primary and secondary cell walls, a requirement for two
or more functionally distinct CESA isoforms for secondary cell wall synthesis, interchangeability of some primary and secondary
CESAs, and some CESA redundancy. The cellulose-deficient midribs of ppcesa3/8 knockouts provided negative controls for the
structural characterization of stereid secondary cell walls in wild type P. patens. Sum frequency generation spectra collected from
midribs were consistent with cellulose microfibril aggregation, and polarization microscopy revealed helical microfibril
orientation only in wild type leaves. Thus, stereid secondary walls are structurally distinct from primary cell walls, and they
share structural characteristics with the secondary walls of tracheary elements and fibers. We propose a mechanism for the
convergent evolution of secondary walls in which the deposition of aggregated and helically oriented microfibrils is coupled to
rapid and highly localized cellulose synthesis enabled by regulatory uncoupling from primary wall synthesis.

In vascular plants, cellulose is a major component of
both primary cell walls, which are deposited during cell
expansion, and secondary cell walls, which are depos-
ited after expansion has ceased (Carpita and McCann,
2000). Secondary cell walls of water-conducting trache-
ary elements and supportive fibers are rich in cellulose,
with microfibrils arranged in helices that vary in angle
according to developmental stage and environmental
conditions (Barnett and Bonham, 2004). Secondary cell
wall microfibrils also are more aggregated than those of
primary cell walls (Donaldson, 2007; Fernandes et al.,
2011; Thomas et al., 2014). Recently, sum frequency
generation (SFG) spectroscopy has been used to com-
pare the mesoscale structure of cellulose microfibrils in
primary and secondary cell walls. Both high cellulose
content and microfibril aggregation contribute to a
strong secondary cell wall signature in SFG spectra of
mature angiosperm tissues (Barnette et al., 2012; Park
et al., 2013; Lee et al., 2014).

Cellulose microfibrils are synthesized by cellulose syn-
thase (CESA) proteins that function together as cellulose

synthesis complexes (CSCs) in the plasma membrane
(Delmer, 1999; Kimura et al., 1999). Recent analyses of
CSC and microfibril structure indicate that the rosette
CSCs of land plants most likely contain 18 CESA
subunits (Fernandes et al., 2011; Jarvis, 2013; Newman
et al., 2013; Thomas et al., 2014; Oehme et al., 2015;
Nixon et al., 2016; Vandavasi et al., 2016) in a 1:1:1 ratio
(Gonneau et al., 2014; Hill et al., 2014). Seed plants
have six phylogenetic and functional classes of CESA
proteins, three required for primary cell wall synthesis
(Desprez et al., 2007; Persson et al., 2007) and three
required for the synthesis of the lignified secondary
cell walls of tracheary elements and fibers (Taylor
et al., 2003). Mutation of any of the secondary CESAs
results in a distinctive irregular xylem phenotype
characterized by collapsed xylem tracheary elements
and weak stems (Taylor et al., 2004). The secondary
cell wall CESAs of Arabidopsis (Arabidopsis thaliana)
are regulated by master regulator NAC domain tran-
scription factors that also activate genes required for
the synthesis of other secondary cell wall components,

210 Plant Physiology�, September 2017, Vol. 175, pp. 210–222, www.plantphysiol.org � 2017 American Society of Plant Biologists. All Rights Reserved.

http://orcid.org/0000-0002-6521-5462
http://orcid.org/0000-0002-6521-5462
http://orcid.org/0000-0002-6521-5462
http://orcid.org/0000-0002-6521-5462
http://orcid.org/0000-0002-6521-5462
http://orcid.org/0000-0002-4567-6712
http://orcid.org/0000-0002-4567-6712
http://orcid.org/0000-0002-4567-6712
http://orcid.org/0000-0002-4567-6712
http://orcid.org/0000-0002-4567-6712
http://orcid.org/0000-0002-9332-6530
http://orcid.org/0000-0002-9332-6530
http://orcid.org/0000-0002-9332-6530
http://orcid.org/0000-0002-9332-6530
http://orcid.org/0000-0002-9332-6530
http://orcid.org/0000-0002-9332-6530
http://orcid.org/0000-0002-9332-6530
http://orcid.org/0000-0002-2006-1439
http://orcid.org/0000-0002-2006-1439
http://orcid.org/0000-0002-2006-1439
http://orcid.org/0000-0002-2006-1439
http://orcid.org/0000-0002-2006-1439
http://orcid.org/0000-0002-2006-1439
http://orcid.org/0000-0002-2006-1439
http://orcid.org/0000-0002-8921-2725
http://orcid.org/0000-0002-8921-2725
http://orcid.org/0000-0002-8921-2725
http://orcid.org/0000-0002-8921-2725
http://orcid.org/0000-0002-8921-2725
http://orcid.org/0000-0002-8575-7269
http://orcid.org/0000-0002-8575-7269
http://orcid.org/0000-0002-8575-7269
http://orcid.org/0000-0002-8575-7269
http://orcid.org/0000-0002-8575-7269
http://orcid.org/0000-0002-7775-5589
http://orcid.org/0000-0002-7775-5589
http://orcid.org/0000-0002-7775-5589
http://orcid.org/0000-0002-7775-5589
http://orcid.org/0000-0002-7775-5589
http://orcid.org/0000-0002-6521-5462
http://orcid.org/0000-0002-4567-6712
http://orcid.org/0000-0002-9332-6530
http://orcid.org/0000-0002-2006-1439
http://orcid.org/0000-0002-8921-2725
http://orcid.org/0000-0002-8575-7269
http://orcid.org/0000-0002-7775-5589
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.17.00885&domain=pdf&date_stamp=2017-08-25


such as xylan and lignin (Schuetz et al., 2013; Zhong
and Ye, 2015; Yang and Wang, 2016).
The moss Physcomitrella patens has seven CESA genes

(Roberts and Bushoven, 2007; Goss et al., 2012). Phy-
logenetic analysis has revealed that the P. patens CESAs
do not cluster with the six CESA clades shared by
seed plants (Roberts and Bushoven, 2007). Like other
mosses, P. patens lacks the lignified secondary cell walls
that are characteristic of vascular plant tracheary ele-
ments and fibers. However, mosses do have support
cells (stereids) with thick unlignifed cell walls (Kenrick
and Crane, 1997) andwater-conducting cells (hydroids)
that have thin cell walls and undergo programmed cell
death like tracheary elements (Hebant, 1977). Although
the stereid cell walls of P. patens are known to contain
cellulose (Berry et al., 2016), the mesoscale structure
has not been examined. Only one of the seven P. patens
CESAs has been characterized functionally. When
PpCESA5 was disrupted, gametophore buds failed to
develop into leafy gametophores, instead forming ir-
regular cell clumps. The associated disruptions of cell
expansion and cell division are consistent with an un-
derlying defect in primary cell wall deposition (Goss
et al., 2012). Recently it was shown that PpCESA3

expression is regulated by the NAC transcription factor
PpVNS7, along with the thickening of stereid cell walls
(Xu et al., 2014).

Here, we show that PpCESA3 and PpCESA8 function
in the deposition of stereid cell walls in the gametophore
leaf midribs of P. patens and are subfunctionalized with
respect to PpCESA5. We also used polarization micros-
copy and SFG to reveal similarities in the mesoscale or-
ganization of the microfibrils synthesized by PpCESA3
and PpCESA8 and those in the secondary cell walls of
vascular plants. Finally,wepropose amechanism through
which the uncoupling of primary and secondary CESA
regulation played a role in the independent evolution of
secondary cell walls with aggregated, helically arranged
cellulose microfibrils in the moss and seed plant lineages.

RESULTS

PpCESA3 and PpCESA8 Function in Secondary Cell
Wall Deposition

The CESA genes PpCESA3 and PpCESA8 were in-
dependently knocked out by homologous recombina-
tion in an effort to examine their roles in development
and cell wall biosynthesis in P. patens. Stable antibiotic-
resistant lines generated by transforming wild type
P. patens with CESA3KO or CESA8KO vectors were
tested for integration of the vector and deletion of the
target gene by PCR (Supplemental Fig. S1). Integration
was verified for five ppcesa8KO lines recovered from two
different transformations, line 8KO-5B from a transfor-
mation of the GD06 wild type line and lines 8KO-4C,
8KO-5C, 8KO-7C, and 8KO-10C from a transformation
of the GD11 wild type line (Supplemental Fig. S1). In-
tegration was verified for three ppcesa3KO lines re-
covered from a single transformation of GD11 and
three double ppcesa3/8KO lines recovered from a single
transformation of the ppcesa8KO-5B line with the
CESA3KO vector (Supplemental Fig. S1). The GD06
and GD11 lines are from independent selfings of the
same haploidwild type line, as described in “Materials
and Methods.”

The colonies that developed from wild type and KO
lines consisted of protonemal filaments and leafy ga-
metophores (Fig. 1). Whereas wild type, ppcesa3KO,
and ppcesa8KO gametophores grew vertically, the ga-
metophores on ppcesa3/8KO colonies were unable to
support themselves and adopted a horizontal orienta-
tion. Superficially, ppcesa3/8KO colonies appeared to
produce fewer gametophores (Fig. 1), but dissection
revealed similar numbers of horizontal gametophores
that had been overgrown by protonemal filaments.
Thus, PpCESA3 and PpCESA8 are not required for
gametophore initiation or morphogenesis, but they
appear to contribute to structural support.

When examinedwith polarized light microscopy, the
wild type gametophore leaves exhibited strong cell wall
birefringence in the midribs and margins (Fig. 1). In
contrast, the leaves produced by ppcesa3/8KOs lacked
strong birefringence in these cells, consistent with the
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reduced crystalline cellulose content. The ppcesa3KO
leaves appeared similar to wild type leaves (Fig. 1), and
ppcesa8KO leaves had an intermediate phenotype.
Staining with the fluorescent cellulose-binding dye S4B
(Anderson et al., 2010) produced similar results, with
strong fluorescence in the midribs of wild type and
ppcesa3KO leaves, weak fluorescence in ppcesa3/8KO
leaves, and intermediate fluorescence in ppcesa8KO
leaves (Fig. 1).

Carbohydrate Binding Module 3a (CBM3a) provides
a third method for detecting cellulose and can be used
to probe thin sections (Blake et al., 2006). In sections
from fully expanded wild type leaves, the walls of the
lamina cells were labeled relatively weakly with
CBM3a, whereas the thickened cell walls of the central
midrib and bundle sheath cells were strongly labeled
(Fig. 1). The same was true for ppcesa3KO leaves.
However, midrib and bundle sheath cell labeling was

nearly absent in ppcesa3/8KO and diminished in ppce-
sa8KO (Fig. 1) compared with the wild type and ppce-
sa3KO. Differential interference contrast microscopy of
the same sections showed enhanced contrast in wild
type and ppcesa3KO midribs (Fig. 1). Partial cell col-
lapse occurred during embedding in ppcesa3/8KO leaves
(Fig. 1).

The cellulose content of the leaf midribs in the wild
type and single and double ppcesaKO mutants was
quantified by measuring the intensity of S4B fluores-
cence. Statistical analysis confirmed that the S4B fluo-
rescence was reduced significantly in double KOs but
not in ppcesa3KOs (Fig. 2). The intermediate pheno-
type of the ppcesa8KOs was confirmed and shown to
be significantly different from both the wild type and
the double KOs (Fig. 2). Updegraff analysis showed
that the cellulose content of cell walls from whole
ppcesa3/8KO gametophores (mean6 SE of three genetic

Figure 1. Phenotypes of ppcesa3/8KO,
ppcesa3KO, and ppcesa8KO compared
with wild type P. patens. A to D, Colony
morphology is similar in the wild type,
ppcesa3KOs, and ppcesa8KOs; horizontal
growth is typical of gametophores pro-
duced by ppcesa3/8KO (arrowheads). E to
H, Polarized light microscopy of leaves
shows that the midribs of the wild type and
ppcesa3KO are highly birefringent. The
midribs of ppcesa3/8KO leaves have low
birefringence, and ppcesa8KO midribs
have moderate birefringence. I to L, Fluo-
rescence microscopy of leaves stained
with Pontamine Fast Scarlet (S4B) shows
strong fluorescence in the midribs of wild
type and ppcesa3KO leaves, low fluores-
cence in the midribs of ppcesa3/8KO
leaves, and intermediate fluorescence in
the midribs of ppcesa8KO leaves. M to P,
Differential interference contrast micros-
copy of sections through the midribs of
maturing leaves (L, lamina cell; *, bundle
sheath cell). In the wild type and ppce-
sa3KO, the walls of bundle sheath cells
and the stereid cells they surround show
enhanced contrast due to differential re-
fractive index. Q to T, Fluorescence mi-
croscopy of the same sections shown in M
to P labeled with CBM3a. The bundle
sheath and stereid cells of wild type and
ppcesa3KO leaves are strongly labeled,
whereas labeling is weak in ppcesa3/8KO
and intermediate in ppcesa8KO leaves.
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lines = 33.8%6 0.034%) was reduced significantly (P =
0.004) compared with the wild type (GD06; mean 6 SE

of three independent cultures = 60.1% 6 0.030%).
To confirm that the observed ppcesa3/8KO phenotype

was due to the absence of PpCESA3 and PpCESA8, the
selection cassette was removed from ppcesa3/8KO-86
by Cre-mediated recombination of flanking lox-p sites
(Vidali et al., 2010) to allow transformationwith vectors
that drive the expression of PpCESA3 or PpCESA8with
their native promoters (Supplemental Fig. S2). Stable
antibiotic-resistant lines selected for the presence of
numerous erect gametophores were examined with
polarizationmicroscopy (Supplemental Fig. S2). For the
transformation with proCESA8::CESA8, 13 lines were
examined, six of these had strong midrib birefringence,
and the first threewere used for further analysis. For the
transformation with proCESA3::CESA3, the first three
lines examined had strong midrib birefringence and
were used for further analysis. S4B staining confirmed
that expression of PpCESA8 or PpCESA3 rescued the
defects in cellulose deposition in the leaf midribs of the
double ppcesa3/8KO (Fig. 2). Lines from the transforma-
tion with proCESA8::CESA8 were expected to be re-
stored to the wild type phenotype, because ppcesa3KO,
which also expresses PpCESA8 under the control of the
PpCESA8 promoter, showed no defects in cellulose de-
position in the leaf midrib. All three proCESA8::CESA8
lines had significantly stronger S4B fluorescence than
ppcesa8KO. This demonstrates substantial restoration of
the phenotype, although fluorescence was still signifi-
cantly weaker than in the wild type (Fig. 2). Two lines
from a transformationwith proCESA3::CESA3 (3R29 and
3R52) were not significantly different from ppcesa8KO-
5B, which is expected, since they both lack PpCESA8 and
express PpCESA3 under the control of the PpCESA3
promoter. In the third line (3R45), fluorescence was re-
stored to wild type levels (Fig. 2). The y axis scales differ
between experiments due to the use of different expo-
sure time settings.

Secondary Cell Wall Microfibrils Are Helically Oriented
and Laterally Aggregated

A first-order retardation plate was used with polar-
ized light microscopy to determine the optical sign, and
thus the cellulose microfibril orientation, of wild type
and ppcesa3/8KO midrib cell walls (Fig. 3). In mature
wild type leaves, the larger bundle sheath-like cells that
surround the central stereids showed blue addition
colors when oriented parallel to the major axis of the
plate and yellow subtraction colors when oriented

Figure 2. Quantitative analysis of S4B fluorescence intensity in leaf
midribs of P. patens wild type (WT), ppcesaKO, and rescue lines. Geno-
types with different letters are significantly different (P , 0.05). A, Fluo-
rescence was significantly weaker in ppcesa3/8KOs compared with the
wild type. ppcesa3KOs were not significantly different from the wild type,
whereas ppcesa8KOs were intermediate between the wild type and
ppcesa3/8KOs and significantly different from both. For each mutant
genotype, three independent genetic lines were sampled in triplicate. Two
independent wild type lines (GD06 andGD11) were sampled in triplicate.
Error bars indicate SE for three mutant (n = 3) or two wild type (n = 2)
lines. B, Lines derived from transformation of ppcesa3/8KO-86lox with
proCESA8::CESA8 (8R) had significantly higher fluorescence compared
with the parent double KO line and ppcesa8KObut significantly less than
the wild type. C, Lines derived from transformation of ppcesa3/8-86lox

with proCESA3::CESA3 (3R) had significantly higher fluorescence com-
pared with the parent double KO line (except 3R29) and were not sig-
nificantly different from either ppcesa8KO lines (3R29 and 3R52) or the
wild type (3R45). For B and C, error bars indicate SE for explants from the
same line (n = 3 or n = 2 [WT, 3/8KO, and 8KO in C]).
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perpendicular to the major axis (Fig. 3), indicating that
the net orientation of positively birefringent cellulose
microfibrils is longitudinal. In contrast, the walls of the
smaller central stereids were colorless when oriented
parallel or perpendicular to the major axis (Fig. 3).
However, when oriented at 45° to the retardation plate,
these cells showed alternating bands of blue and yellow
(Fig. 3), indicating that the microfibrils in their walls are
helical with an angle near 45°. The central midrib cells
of developing wild type leaves showed a transition
from colorless to blue to yellow along the apical to basal
developmental gradient when the midrib was oriented
parallel to the major axis of the plate (Fig. 3). This in-
dicates that the microfibril orientation changes from
transverse to longitudinal and then to helical as the cells
mature. In contrast, the central midrib stereids of ma-
ture ppcesa3/8KO leaves had blue addition colors when
oriented parallel to the major axis, yellow subtraction
colors when oriented perpendicular to the major axis,
and no interference color when oriented at 45° to the
retardation plate, indicating that microfibrils are lon-
gitudinal rather than helical. Developing ppcesa3/8KO
leaves had no longitudinal gradient in interference
colors (Fig. 3).

The walls of midrib cells were examined by trans-
mission electron microscopy in ultrathin sections of
chemically fixed gametophore leaves. Despite the re-
duced cellulose content detected by other means, the
walls of midrib cells were thickened compared with
the walls of adjacent lamina cells in all ppcesaKOs as
well as wild type leaves (Fig. 4). When we attempted to
prepare specimens by high-pressure freezing and freeze
substitution, the leaves fractured in a plane parallel to
the midrib. This resulted in a loss of midrib cells and

precluded the examination of midrib cell walls in
these specimens. We were able to examine the lamina
and margin cells of freeze-substituted leaves in the
wild type and two lines of each mutant. The walls of
these cells appeared similar between the wild type
and single and double ppcesaKOs (Supplemental Fig.
S3). However, measurements revealed that lamina

Figure 3. Polarized light microscopy with a first-order retardation plate. The double-pointed arrow indicates the vibration di-
rection of the major axis. A to C, Midrib of a mature wild type leaf oriented parallel, perpendicular, and at 45° to the major axis of
the retardation plate. Bundle sheath cells (asterisks) flank the central midrib. D, Midrib of a developing wild type leaf oriented
parallel to the major axis of the retardation plate showing change in microfibril orientations through the basal (b), medial (m), and
apical (a) regions of the midrib. E to G, Midrib of a mature ppcesa3/8KO leaf oriented parallel, perpendicular, and at 45° to the
major axis of the retardation plate. H, Midrib of a developing ppcesa3/8KO leaf oriented parallel to the major axis of the re-
tardation plate showing no change in microfibril orientation through the basal, medial, and apical regions of the leaf. Bar in A is
also for B, C, and E to G, and bar in D is also for H.

Figure 4. Transmission electron microscopy images of leaf midribs
of P. patens showing adjacent cells with primary cell walls (PW)
and secondary cell walls (SW) in wild type (A) and mutant (B–D)
leaves.
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cell external walls (i.e. those facing the external en-
vironment) were thinner in ppcesaKOs (Supplemental
Fig. S4).
The mesoscale organization of cellulose in the midribs

of wild type, ppcesa3/8KO, and ppcesa8KO leaves was
examined using a broadband SFGmicroscope (Lee et al.,
2016). Because it detects only the noncentrosymmetric
ordering of functional groups, SFG provides a means of
analyzing cellulose in intact cell walls with relatively
little interference from matrix components (Barnette
et al., 2011). For each genotype, full SFG spectra collected
from three different locations along the midribs of each
of three different leaves were averaged (Fig. 5). The
sampling depth of the SFG microscope for cellulosic
samples is 20 to 25 mm (Lee et al., 2016). Given that the
thickness of turgid leaves is about 50 to 60 mm at the
midrib and that they likely collapse to less than half their
thickness when dried, we conclude that most of the leaf
thickness contributes to the SFG signal. In spectra col-
lected from the wild type, a strong peak at 2,944 cm21,
which is characteristic of secondary cell walls, was ob-
served in the CH/CH2 stretch region along with a
3,320 cm21 peak in the OH stretch region. In contrast, the
spectra collected from ppcesa3/8KO and ppcesa8KO mid-
ribs hadweaker peak intensity overall, with a broad CH/
CH2 stretch peak centered around 2,910 cm21. Compared
with ppcesa3/8KO, the spectra from ppcesa8KO midribs
had aweak signal at 2,963 cm21 thatwas absent in spectra
collected from ppcesa3/8KOmidribs. A scan across a wild
type leaf shows that the 2,944 cm21 signal is associated
with the midrib and was not observed in the cells of the

lamina (Fig. 5). Equivalent scans of ppcesa3/8KO and
ppcesa8KO leaves confirm the absence of a strong
2,944 cm21 peak from the midribs of these mutants
(Fig. 5).

PpCESA Proteins Are Functionally Specialized

Based on the ppcesa3KO, ppcesa8KO, and ppcesa3/8KO
phenotypes, PpCESA3 and PpCESA8 appear to be par-
tially redundant. To determine whether the relative
strengths of these phenotypes are related to gene ex-
pression levels, we used reverse transcription quantita-
tive PCR to measure the expression of PpCESA3 and
PpCESA8 in the wild type and mutants. In the ppcesa3-
KOs, PpCESA8was up-regulated significantly compared
with the wild type (Fig. 6), providing a possible expla-
nation for the lack of a mutant phenotype in these lines.
In contrast, PpCESA3 was not up-regulated significantly
in ppcesa8KOs compared with the wild type, potentially
explaining the intermediate phenotype in these mutants.

ppcesa3KOs, ppcesa8KOs, and ppcesa3/8KOs were
tested for changes in rhizoid and caulonema develop-
ment to determine whether developmental defects
were restricted to the gametophores. When cultured on
medium containing auxin, all lines produced the ex-
pected leafless gametophores with numerous rhizoids
(Supplemental Fig. S5), indicating no defects in rhizoid
development in any of the KOs. Caulonema produced
by colonies grown in the dark on vertically oriented
plates were all negatively gravitropic (Supplemental
Fig. S6). Although the appearance of the caulonema

Figure 5. SFG spectroscopy of P. patens leaves. A, Full SFG spectra collected from leaf midribs (each is the average of nine
spectra from three different positions on each of three different leaves). A strong peak in the CH stretch region (2,944 cm21)
is present in spectra from the wild type (WT), greatly diminished in spectra from ppcesa8KO (8KO), and absent in spectra
from ppcesa3/8KO (3/8KO). B, P. patens wild type, ppcesa8KO, and ppcesa3/8KO leaves with SFG scan trajectories tra-
versing the midribs. Step size was 5 mm per step. SFG spectra were collected from 2,850 to 3,150 cm21, covering the entire
CH region. C, 2D projection image of SFG spectra collected across the midribs of each leaf shown in B. Each column in each
image is an entire spectrum collected from one point plotted against displacement along the scan trajectory. Colors indicate
SFG intensity as shown in the scale at right.
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varied among experiments, those produced by KOs were
always similar to the control wild type within the same
experiment. Caulonemal length was not significantly dif-
ferent between ppcesa3/8KOs and the wild type (Table I).

To determine whether other PpCESAs are function-
ally interchangeable with PpCESA3 and PpCESA8, we
tested for rescue of ppcesa3/8KO-86lox by various
PpCESAs driven by the PpCESA8 promoter. Polariza-
tion microscopy screening of at least 21 and up to
27 stably transformed lines for each vector revealed
little or no midrib birefringence for the proCESA8::
CESA4, proCESA8::CESA7, and proCESA8::CESA10
lines and moderate to strong midrib birefringence for
92% and 78% of the proCESA8::CESA3 and proCESA8::
CESA5 lines, respectively. Quantitative analysis of S4B
staining (Fig. 7) confirmed that the ppcesa3/8KO phe-
notype was partially rescued by proCESA8::CESA3
(three out of three lines) and proCESA8::CESA5 (two out
of three lines), as we observed for proCESA8::CESA8
(Fig. 2). However, the proCESA8::CESA4, proCESA8::
CESA7, and proCESA8::CESA10 vectors showed no rescue
(Fig. 7). Western-blot analysis confirmed that PpCESA
proteins were expressed in all lines except proCESA8::
CESA4-11 and proCESA8::CESA5-7 (Supplemental Fig.
S7). PpCESA6 differs from PpCESA7 by only two amino
acids and was not tested. Although expressed with the
same promoter, protein accumulation varies among the
different transgenic lines (Supplemental Fig. S7). Similar
differences in protein accumulation also may explain the
variation in the extent of rescue by the proCESA3::CESA3
and proCESA8::CESA8 vectors (Fig. 2).

Finally, we examined ppcesa4/10KOs and ppcesa6/
7KOs produced for another study to determinewhether

they phenocopy the ppcesa3/8KO phenotype. Genotype
verification for these lines is presented in Supplemental
Figures S8 and S9. The ppcesa4/10KOs showed slight
but significant reduction in midrib S4B fluorescence.
However, for ppcesa6/7KOs, the reduction was sub-
stantial and significant (Fig. 7), showing the PpCESA6/
7 and PpCESA3/8 have nonredundant roles in sec-
ondary cell wall deposition in leaf midrib cells.

DISCUSSION

PpCESA3 and PpCESA8 Function Redundantly in
Cellulose Deposition in Stereid Secondary Cell Walls

Targeted knockout of PpCESA3 and PpCESA8
blocked the deposition of cellulose in the thick walls of
stereid cells, as indicated by (1) reduction of the strong
birefringence associated with the midribs in ppcesa3/
8KOs, (2) reduction in the midrib fluorescence of
ppcesa3/8KO leaves stained with S4B, (3) lack of CBM3a
labeling of sections from ppcesa3/8KO leaf midribs (Fig.
1), and (4) reduction in ppcesa3/8KO gametophore cell
wall cellulose content as measured by Updegraff assay.
Evidence that knockout of PpCESA3 and PpCESA8 is
responsible for the observed phenotype includes the
consistency of the phenotype in three independent KOs
and the restoration of cellulose deposition in the mid-
ribs by the transformation of ppcesa3/8KO with vectors
driving the expression of PpCESA3 or PpCESA8 (Fig.
2). Whereas we detected no reduction in midrib cellu-
lose in ppcesa3KOs, the phenotypes of ppcesa8KOs were
intermediate between the wild type and ppcesa3/8KO
(Fig. 2). This, combined with the observations that only
PpCESA8 is up-regulated to compensate for the loss
of its paralog (Fig. 6) and the expression of PpCESA3
under the control of its native promoter only partially
restores the wild type phenotype (Fig. 2), is consistent
with the hypothesis that the PpCESA3 and PpCESA8
proteins are functionally interchangeable and that a
dosage effect is responsible for the ppcesa8KO pheno-
type. The formation of morphologically normal game-
tophores in ppcesa3/8KOs (Fig. 1) indicates that PpCESA3
and PpCESA8 serve a different role in development
than PpCESA5, which supports the normal cell divi-
sion and cell expansion required for gametophore
development (Goss et al., 2012). It is possible that
PpCESA3 and PpCESA8 contribute to primary cell wall

Figure 6. Reverse transcription quantitative PCR analysis of PpCESA3
and PpCESA8 expression in the wild type, ppcesa3KOs, and ppcesa8-
KOs. Target/average reference cross-point ratios (using actin and v-type
H+-translocating pyrophosphatase reference genes) were determined
for three independent lines of each mutant (3KO-5, 3KO-35, 3KO-126;
8KO-5B, 8KO-4C, 8KO-10C; and 3/8KO-43, 3/8KO-57, 3/8KO-86) and
two independent wild type lines (GD06 and GD11) with two technical
replicates each. Error bars indicate SE for the three mutant (n = 3) or two
wild type (n = 2) lines.

Table I. Caulonema length for the wild type and ppcesa3/8KOs grown
on vertical plates in the dark

Data are from two independent experiments (n = 2). ANOVA
showed no significant differences between genetic lines.

Genetic Line Caulonema Length SE

mm
Wild type GD06 4.69 0.50
ppcesaA3/8KO-43 5.70 0.87
ppcesaA3/8KO-57 4.51 1.14
ppcesaA3/8KO-86 5.69 0.47
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deposition, since ppcesa3/8KO lamina cells had thinner
external walls (Supplemental Fig. S4) and tended to
collapse during embedding (Fig. 1). Alternatively,
PpCESA3 and PpCESA8 may contribute to the sec-
ondary thickening of lamina cell walls after they stop
expanding.

CESA Evolution in Both P. patens and Arabidopsis
Involves Subfunctionalization and Neofunctionalization

There are many parallels in the evolution of the
P. patens and Arabidopsis CESA families. In both spe-
cies, different CESAs are responsible for primary
and secondary cell wall deposition. In Arabidopsis,
the secondary CESAs are AtCESA4, AtCESA7, and
AtCESA8 (Taylor et al., 2003) and the primary CESAs
are AtCESA1,AtCESA3, andmembers of the 6-like group
(Desprez et al., 2007; Persson et al., 2007). In P. patens,
midrib secondary cell wall synthesis involves PpCESA3,
PpCESA6, PpCESA7, and PpCESA8, whereas gameto-
phore primary cell wall synthesis requires PpCESA5
(Goss et al., 2012). At least some primary CESAs can
substitute for secondary CESAs and vice versa in both
species. In Arabidopsis, AtCESA3pro::AtCESA7 partially
rescues atcesa3 and AtCESA8pro::AtCESA1 partially
rescues atcesa8 (Carroll et al., 2012). In P. patens,
PpCESA8pro::PpCESA5 rescues ppcesa3/8KO. This in-
dicates that the CESA division of labor for primary and
secondary cell wall deposition in vascular plants and
mosses is due at least in part to subfunctionalization.
However, neofunctionalization also has occurred in
both species, resulting in the requirement for two or
more noninterchangeable CESA isoforms for second-
ary cell wall biosynthesis. In Arabidopsis, atcesa4,
atcesa7, and atcesa8 null mutants share a phenotype
(Taylor et al., 2000) that cannot be complemented by
expressing one of the other secondary AtCESAs with
the promoter for the missing isoform (Kumar et al.,
2017). Likewise in P. patens, ppcesa3/8KO and ppcesa6/
7KO share the same phenotype, and ppcesa3/8KO is
not complemented by PpCESA8pro::PpCESA7. Studies
are ongoing to determine whether the secondary
PpCESAs interact physically to form a CSC, as has been
shown for the secondary AtCESAs (Taylor et al., 2003;
Timmers et al., 2009). Finally, the CESA families of both
species show some redundancy. In Arabidopsis, the
6-like CESAs (AtCESA2, AtCESA5, AtCESA6, and
AtCESA9) are partially redundant (Persson et al.,
2007), as are PpCESA3 and PpCESA8 in P. patens.
PpCESA6 and PpCESA7 differ by only three amino

Figure 7. Quantitative analysis of S4B fluorescence intensity in leaf
midribs. A and B, Wild type (WT), ppcesa3/8KO-86lox, and ppcesa3/
8KO-86lox transformed with proCESA8::CESA expression vectors. For
each rescue genotype, three independent genetic lines were sampled in
triplicate and measured with six samples of the wild type (GD06) and
eight samples of ppcesa3/8KO-86lox. A, For lines derived from trans-
formation of ppcesa3/8KO-86lox with proCESA8::CESA3 (8pro:3R),
proCESA8::CESA7 (pro8:7R), and proCESA8::CESA10 (pro8:10R) gen-
otypes, the three independent lines did not differ significantly and were
combined. proCESA8::CESA7 and proCESA8::CESA10 lines did not
differ significantly from the parent double KO line (P . 0.05), whereas
proCESA8::CESA3 lines had significantly higher fluorescence com-
paredwith the parent double KO line but significantly less than the wild
type (P , 0.05). Error bars indicate SE for three independent lines.
Genotypes with different letters are significantly different (P, 0.05). B,
For lines derived from transformation of ppcesa3/8KO-86lox with
proCESA8::CESA5 (pro8:5R) and proCESA8::CESA4 (pro8:4R), the three
independent lines were significantly different and were analyzed sep-
arately. proCESA8::CESA5 (5R) lines were not significantly different
from the wild type (P . 0.05), except for 5R7, which was not signifi-
cantly different from ppcesa3/8KO-86lox (P. 0.05). proCESA8::CESA4
lines did not differ significantly from ppcesa3/8KO-86lox (P . 0.05).
Error bars indicate SE for three gametophores from the same line (n = 3).

Lines with different letters are significantly different (P, 0.05). C, Midrib
fluorescence was slightly but significantly reduced in cesa4/10KO
compared with the wild type (P = 0.037). Reduction in midrib fluores-
cence in cesa6/7KO was substantial and highly significant (P = 0.0011).
Error bars indicate SE for three independent mutant lines or three repli-
cates of the wild type (n = 3). Genotypes with different letters are sig-
nificantly different (P , 0.05).
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acids, and the genes that encode them appear to be
redundant (Wise et al., 2011).

A recent study has shown that secondary cell wall
deposition, including CESA expression, is regulated by
NAC transcription factors in both P. patens and Arabi-
dopsis (Xu et al., 2014). Three P. patens NAC genes,
PpVNS1, PpVNS6, and PpVNS7, were expressed pref-
erentially in leaf midribs, and ppvns1/ppvns6/ppvns7KOs
were defective in stereid development. Overexpression
of PpVNS7 activated PpCESA3 (Xu et al., 2014). Phylo-
genetic analyses of NACs place eight PpVNS proteins
within the clade that has variously been named sub-
family NAC-c (Shen et al., 2009), subfamily Ic (Zhu et al.,
2012), or the VNS group (Xu et al., 2014) and also in-
cludes the Arabidopsis vascular-related NACs VND6
(ANAC101), VND7 (ANA030), NST1 (ANAC043), NST2
(ANAC066), and NST3/SND1 (ANAC012). The three
PpVNS proteins that regulate stereid development form
a single sister clade with five other PpVNS proteins
implicated also in other processes (Xu et al., 2014). Based
on this phylogenetic analysis, the common ancestor of
themosses and seed plants had a singleVNS gene, and it
also had a single CESA gene (Roberts and Bushoven,
2007; Yin et al., 2009; Kumar et al., 2017). Both lineages
now include secondary CESAs that are regulated by
VNSs and primary CESAs that are not, indicating that
CESA subfunctionalization occurred independently in
mosses and seed plants.

Secondary Cell Wall Microfibrillar Texture Is Similar in
Mosses and Vascular Plants

In vascular plants, both water-conducting tracheary
elements and supportive fibers are characterized by
helical (Barnett and Bonham, 2004) and aggregated
(Donaldson, 2007; Fernandes et al., 2011; Thomas et al.,
2014) cellulose microfibrils. The midribs of P. patens
leaves include hydroid cells that transport water and
stereid cells that provide support, but only the stereids
have thick cell walls (Xu et al., 2014).With highly reduced
cellulose in their stereid secondary cell walls, ppcesa3/
8KOs provided a negative control for the structural char-
acterization of secondary cellwalls inwild typeP. patens. A
sharp SFG CH/CH2 stretch peak at 2,944 cm21 is charac-
teristic of angiosperm secondary cell walls (Park et al.,
2013), and extensive empirical testing has shown that this
spectral feature is attributable to lateral microfibril
aggregation (Lee et al., 2014). The 2,944 cm21 peak also
was present in SFG spectra of wild type P. patens
midribs. In contrast, the spectra of ppcesa3/8KO leaf
midribs lacked the 2,944 cm21 peak and instead had a
broad peak between 2,800 and 3,000 cm21, which is
characteristic of primary cell walls and other samples
lacking aggregated microfibrils (Park et al., 2013; Lee
et al., 2014). This suggests that lateral aggregation of
microfibrils is a common feature of the secondary cell
walls of moss stereids and vascular plant tracheary ele-
ments and fibers. Polarization microscopy with a first-
order retardation plate revealed that the microfibrils in
the stereid cell walls are deposited in a helical pattern, as

observed in secondary cell walls of tracheary elements
and fibers (Barnett and Bonham, 2004). Although defi-
cient in cellulose, the stereid cell walls of ppcesa3/8KOs
were thickened, indicating that secondary cell wall
synthesis involves the deposition of noncellulosic com-
ponents, which proceeded in the absence of cellulose
deposition. This also has been observed in developing
tracheary elements treated with cellulose synthesis in-
hibitors (Taylor et al., 1992). Thus, stereid cell walls share
structural characteristics with the cell walls of tracheary
elements and fibers.

Mosses and Vascular Plants Have Acquired Similar
Secondary Cell Walls through Convergent Evolution

Thick, cellulose-rich secondary cell walls provide
added support for the aerial organs of mosses and
vascular plants alike. Within these cell walls, the lateral
aggregation and helical orientation of the microfibrils
contribute to their strength and resilience. Although
cortical microtubules play an important role in cellulose
microfibril orientation, oriented cellulose deposition
can occur in the absence of cortical microtubules, and it
has been suggested previously that the aggregation and
helical orientation of microfibrils in secondary walls are
consequences of high CSC density during rapid cellu-
lose deposition (Emons and Mulder, 2000; Lindeboom
et al., 2008). Regulation at the level of CSC secretionwas
emphasized in this model (Emons and Mulder, 2000),
but CSC density can potentially be regulated at the level
of transcription.

Rapid cellulose synthesis during secondary cell wall
deposition in specific cell types requires precise tem-
poral and spatial regulation of CESA expression that is
distinct from the regulatory requirements for primary
cell wall synthesis. We suggest that these distinct reg-
ulatory needs were met through the evolution of inde-
pendent regulatory control of primary and secondary
CESAs by subfunctionalization in both mosses and seed
plants. In seed plants, phylogenetic analysis shows that
the first divergence of the CESA family separated the
genes that encode the primary and secondary CESAs
and was followed by independent diversification within
each group (Roberts et al., 2012). This, along with evi-
dence that some primary CESAs are interchangeable
with secondary CESAs (Carroll et al., 2012), indicates
that subfunctionalization was an early event in the ev-
olution of the seed plant CESA family. In P. patens, the
genes that encode secondary PpCESA3 and PpCESA8
and primary PpCESA5 are also subfunctionalized and,
therefore, specialized, although they encode inter-
changeable proteins.

Several lines of evidence indicate that the capacity to
deposit a secondary cell wall evolved independently in
mosses and seed plants. Structural and paleobotanical
evidence suggests that the support andwater-conducting
cells of bryophytes and vascular plants are not homolo-
gous (Ligrone et al., 2002;Carafa et al., 2005). Phylogenetic
evidence indicates that the primary and secondaryCESAs
diversified independently in mosses and seed plants
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(Roberts and Bushoven, 2007; Yin et al., 2009; Kumar
et al., 2017) and, as explained above, so did the NAC
transcription factors that regulate the secondary CESAs.
There are even examples of convergent evolution of sec-
ondary cell walls within the angiosperm lineage. Cotton
(Gossypium hirsutum) fiber secondary cell walls are syn-
thesized by the same CESAs that are responsible for sec-
ondary cell wall deposition in tracheary elements and
fibers (Haigler et al., 2012), whereas the secondary cell
walls of epidermal trichomes are synthesized by the pri-
mary CESAs (Betancur et al., 2010). These observations
are consistent with independent evolutionary origins for
secondary cell walls in different land plant lineages and
different cell types within angiosperm lineages.
Taken together, these data indicate that CESA dupli-

cation, followed by changes in the regulatory elements
within the primary or secondary CESA promoters, oc-
curred independently in mosses and vascular plants. The
resulting uncoupling of the secondary CESAs from the
regulatory constraints associated with primary cell wall
deposition, along with a mechanistic linkage between
CESA expression and microfibril texture as well as selec-
tion for strength and resilience, may have contributed to
the capacity of different plants to synthesize cellulose-rich
secondary cell walls with similar microfibrillar textures.

MATERIALS AND METHODS

Vector Construction

All primer pairs are shown in Supplemental Table S1, along with annealing
temperatures used for PCR. Amplification programs for Taq Polymerase (New
England Biolabs) consisted of a 3-min denaturation at 94°C followed by 35 cy-
cles of 15 s at 94°C, 30 s at the annealing temperature, and 1 min kb21 at 72°C.
Amplification programs for Phusion Polymerase (New England Biolabs) con-
sisted of a 30-s denaturation at 98°C followed by 35 cycles of 7 s at 98°C, 7 s at
the annealing temperature, and 30 s kb21 at 72°C.

To construct the CESA8KO vector, a 39 homologous region was amplified
from Physcomitrella patens genomic DNA with primers 174JB and 193JB using
Taq DNA polymerase, cut with SalI and BspDI, and cloned into the SalI/BstBI
site of pBHSNR (a gift of Didier Schaefer, University of Neuchâtel). The
resulting plasmidwas cut withKasI andNsiI to accept theKasI/NsiI fragment of
a 59 homologous region amplified from P. patens genomic DNA with primers
203JB and 185JB (Supplemental Table S1). The CESA8KO vector was cut with
EcoRI and NsiI for transformation into wild type P. patens. The CESA3KO,
CESA4KO, CESA6/7KO, and CESA10KO vectors were constructed using
Gateway Multisite Pro cloning (Invitrogen) as described previously (Roberts
et al., 2011). Flanking sequences 59 and 39 of the coding regions were amplified
with appropriate primer pairs (Supplemental Table S1) using Phusion DNA
polymerase (New England Biolabs) and cloned into pDONR 221 P1-P4 and
pDONR 221 P3-P2, respectively, using BP Clonase II (Invitrogen). Similarly, an
nph selection cassette was amplified from pMBL6 (a gift of Jesse Machuka,
University of Leeds) and cloned into pDONR 221 P3r-P4r. All entry clones were
sequence verified. For vectors conferring hygromycin resistance, entry clones
with flanking sequences in pDONR 221 P1-P4 and pDONR 221 P3-P2 were
inserted into BHSNRG (Roberts et al., 2011). For vectors conferring G418 re-
sistance, entry clones with flanking sequences in pDONR 221 P1-P4 and
pDONR 221 P3-P2 were linkedwith the entry clone containing the nph selection
cassette and inserted into pGEM-gate (Vidali et al., 2009) using LR Clonase II
Plus (Invitrogen). The vectors in BHSNRG or pGEM-gate were cut with BsrGI
for transformation into wild type or mutant P. patens lines.

Expression vectors for hemagglutinin (HA)-tagged PpCESAs under the
control of PpCESA promoters were constructed using Gateway Multisite Pro
cloning (Invitrogen). The PpCESA4 (DQ902545), PpCESA5 (DQ902546), PpCESA7
(DQ160225), and PpCESA8 (DQ902549) coding sequences were amplified from
cDNAclonespdp21409, pdp24095, pdp38142, andpdp39044 (RIKENBioResource

Center), respectively, using forward primers containing a single HA tag and ap-
propriate reverse primers (Supplemental Table S1) and cloned into pDONR
221 P5-P2 using BP Clonase II (Invitrogen). The PpCESA3 (XP_001753310) and
PpCESA10 (XP_001776974) coding sequences were amplified similarly from ex-
pression vectors. pDONR 221 P1-P5r entry clones containing approximately 2 kb
of sequence upstream of the PpCESA3 or PpCESA8 start codon (Tran and Roberts,
2016)were linked to the sequence-verified entry clones containing theHA-PpCESA
coding sequences and inserted into pSi3(TH)GW (Tran and Roberts, 2016) using
LRClonase II Plus (Invitrogen). These vectors target the expression cassettes to the
intergenic 108 locus, which can be disruptedwith no effect on phenotype (Schaefer
and Zrÿd, 1997). Rescue vectors were cut with SwaI for transformation into a
P. patens ppcesa3/8KO line from which the hph resistance cassette had been re-
moved (see below).

Culture and Transformation of P. patens

Wild type P. patens lines (haploid) derived from the sequenced Gransden
strain (Rensing et al., 2008) by selfing and propagation from a single spore in
2006 (GD06) or 2011 (GD11) were gifts of Pierre-Francois Perroud (Washington
University). Wild type and transformed P. patens lines were cultured on basal
medium supplemented with ammonium tartrate (BCDAT) as described pre-
viously (Roberts et al., 2011). Protoplasts were prepared and transformed as
described previously (Roberts et al., 2011). Stable transformants were selected
with 50 mg mL21 G418 (CESA3KO vector) or 15 mg mL21 hygromycin
(CESA8KO and complementation vectors). The hph selection cassette was
removed from ppces3/ppcesa8KO by transforming protoplasts with NLS-
Cre-Zeo (Vidali et al., 2010), selecting for 7 d on BCDAT plates containing
50 mg mL21 zeocin, replica plating zeocin-resistant colonies on BCDAT with
and without 15 mg mL21 hygromycin, and recovering hygromycin-sensitive
colonies. Protein expression was tested by western-blot analysis as described
previously (Scavuzzo-Duggan et al., 2015) in selected lines transformed with
HA-PpCESA expression vectors.

Genotype Analysis

For PCR screening, DNA was extracted as described previously (Roberts
et al., 2011) and 2.5-mL sampleswere subjected to 35 cycles of amplification (45 s
at 94°C, 45 s at the annealing temperature shown in Supplemental Table S1, and
1 min kb21 at 72°C) with PAQ5000 DNA polymerase (Agilent Technologies) in
25-mL reactions. Primers used to test for target integration, target-gene dis-
ruption, and selection cassette excision are listed in Supplemental Table S1.

Phenotype Analysis

The cellwall birefringence of unfixed leavesmounted inwaterwas examined
using an Olympus BHS compound microscope with D Plan-Apo UV 103/0.4,
203/0.7, and 403/0.85 objectives, and polarizer and circular-polarizing ana-
lyzer, with and without a first-order retardation plate (Olympus). Images were
captured with a Leica DFC310FX digital camera with Leica Application Suite
software, version 4.2.0 (Leica Microsystems), with manual exposure under
identical conditions.

For direct fluorescent labeling of cellulose, whole gametophores (three per
line) dissected from colonies grown for 4 weeks on solid BCDATmedium were
dipped in 100% acetone for 5 s to permeabilize the cuticle, rinsed in phosphate-
buffered saline (PBS), incubated in PBS containing 0.01mgmL21 S4B (Anderson
et al., 2010) for 30 min, and rinsed in PBS. All fully expanded leaves (12–20)
were cut from each gametophore and mounted in PBS. Fluorescence images of
each leaf, centered on the brightest part of the midrib, were captured using a
Zeiss Axio Imager M2 with 43HE DsRed filter set, Plan-Neofluar 203/0.5 ob-
jective, AxioCam MR R3 camera, and Zen Blue software, version 1.1.2.0 (Carl
Zeiss Microscopy), under identical conditions using manual exposure. The
midrib in each image was selected manually (Supplemental Fig. S10), and av-
erage pixel intensity was measured using ImageJ, Fiji version (Schindelin et al.,
2012). For comparison of KOs with the wild type, three independent lines of
each KO genotype (n = 3) and two independent wild type lines (GD06 and
GD11; n = 2) were sampled in triplicate. For analysis of rescue lines, three in-
dependent explants were sampled for each genetic line (n = 3).

For affinity cytochemistry of cellulose, gametophoresdissected fromcolonies
grown for 2 weeks on BCDAT medium were fixed and embedded in LR White
resin (Polysciences) as described previously (Kulkarni et al., 2012). Sections
(1 mm) were mounted and labeled with CBM3a as described previously (Berry
et al., 2016). Images were captured with a Zeiss Axio Imager M2 with 38 GFP
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filter set, EC Plan-Neofluar 403/0.75 objective, AxioCam MR R3 camera, and
Zen Blue software, version 1.1.2.0 (Carl Zeiss Microscopy), under identical
conditions using manual exposure. Fluorescence and polarization images were
not altered after capture. Bright-field and differential interference contrast im-
ages were captured using automatic exposure, and some images used for il-
lustrative purposes were adjusted for uniformity using the color-balance and
exposure functions in Photoshop, version CS6 (Adobe Systems).

ppcesa3KOs, ppcesa8KOs, and ppcesa3/8KOs were tested for changes in
caulonema gravitropism and rhizoid development as described previously
(Roberts et al., 2011). Images were captured using a Leica M165FC stereomi-
croscope with Leica DFC310FX camera and Leica Application Suite software,
version 4.2.0 (Leica Microsystems). Caulonema length for each colony was
measured as the distance from the edge of the colony to the tip of the longest
caulonema filament using Leica Application Suite software.

Cell Wall Analysis

Alcohol-insoluble residuewasprepared fromgametophoresdissected fromeight
to 10 4-week-old explants of P. patens wild type (three samples from independent
cultures) and ppcesa3/8KO (samples from three independent lines) cultured on
BCDAT medium. Tissue was ground in liquid nitrogen and extracted three times,
30 min each, with 70% (v/v) ethanol and once with 100% ethanol, and the residue
was dried under vacuum. The alcohol-insoluble residue (;1 mg) was weighed to
0.001 mg and mixed with 1 mL of acetic acid:water:nitric acid (8:2:1, v/v) in screw-
cap vials, and the suspension was heated in a boiling water bath for 30 min
(Updegraff, 1969). After cooling, the tubeswere centrifuged at 16,900g for 5min and
the supernatant was discarded. The pellet was resuspended in 2 mL of deionized
water and centrifuged, and the supernatant was discarded. The washing step was
repeated at least 10more times until the supernatant was neutralized, and the pellet
was resuspended in 1 mL of water. The amount of cellulose remaining after hy-
drolysis was quantified by sulfuric acid assay (Albalasmeh et al., 2013) with Glc as
the standard. Briefly, 100mL of hydrolysate (six technical replicates per sample)was
diluted to 1 mL with water in a glass tube, 3 mL of concentrated sulfuric acid was
added, and samples were vortexed for 30 s and chilled on ice for 2 min. Reactions
were measured at 315 nm against a reagent blank.

High-Pressure Freezing-Freeze Substitution and
Transmission Electron Microscopy

Gametophytes of P. patens GD06 and PpCESAKOs were high-pressure
frozen using a Leica EMPACT2 high-pressure freezer (Leica Microsystems)
followed by freeze substitution in 0.1% uranyl acetate (w/v) in acetone for 48 h
at290°C before the temperature was ramped up slowly to250°C (Wilson and
Bacic, 2012). The samples were rinsed with acetone twice at 250°C before the
acetone was replaced with ethanol, and the samples were subsequently infil-
trated with LR White resin (ProSciTech) in a series of ethanol/resin dilutions.
The samples were rinsed three times in 100% resin before polymerization with
UV light at220°C for 48 h. Thin sections (70 nm)were cut using a Leica Ultracut
R (Leica Microsystems) and poststained with uranyl acetate and lead citrate
(Wilson and Bacic, 2012). Images were taken using a Tecnai G2 Spirit trans-
mission electron microscope (FEI). Cell wall thickness was measured using
ImageJ, Fiji version (Schindelin et al., 2012).

Ultrathin sections (70 nm) also were cut from blocks prepared for affinity
cytochemistry (see above),mounted on formvar-coated copper grids, and stained
with uranyl acetate and lead citrate (Wilson and Bacic 2012). Sections were im-
aged using a FEI/Phillips CM-200 transmission electron microscope (FEI).

SFG Spectroscopy

Leaves of wild type GD06, 8KO-5B, and 3/8KO-86 lines were mounted abaxial
sidedowninwateronglass slidesandallowedtoairdryovernight. SFGspectrawere
collected in 5-mm intervals along a 200-mm line scan perpendicular to the midrib at
its thickest point using an SFG microscope system described previously (Lee et al.,
2016). The SFG spectra were collected with the following polarization combination:
SFG signal = s-, 800 nm = s-, and broadband mid-IR = p-polarized with the laser
incidence plane and the laser incidence plane aligned along the axis of midrib.

Reverse Transcription Quantitative PCR

RNA was extracted from gametophores from two independent wild type
and three independent lines each of ppcesa3KO and ppcesa8KO as described
previously (Tran and Roberts, 2016). cDNA samples were tested in duplicate

as described previously using primer pairs for the amplification of PpCESA3
and PpCESA8. The primers were tested previously for specificity and effi-
ciency (Tran and Roberts, 2016). Primers for actin and v-type H+-translocating
pyrophosphatase reference genes were described previously (Le Bail et al.,
2013). Target/average reference cross-point ratios were calculated for each
sample, and SE values were calculated for independent genetic lines.

Statistical Analysis

For statistical analysis, one-way ANOVA with posthoc Tukey’s
Honestly Significant Difference test was performed at astatsa.com/
OneWay_Anova_with_TukeyHSD/.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers DQ902545, DQ902546, DQ902549,
DQ160224, DQ160225, XP_001753310, and XP_001776974.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Genotype analysis of ppcesa8KO, ppcesa3KO, and
ppcesa3/8KO lines.

Supplemental Figure S2. Phenotype analysis of a ppcesa3/8KO line trans-
formed with vectors driving the expression of PpCESA3 or PpCESA8
with their native promoters.

Supplemental Figure S3. Transmission electron microscopy images of leaf
cell walls from wild type and cesaKO lines of P. patens.

Supplemental Figure S4. Thickness of outer cell walls measured from
transmission electron microscopy images.

Supplemental Figure S5. P. patens wild type and KO lines cultured on
medium containing 1 mM naphthalene acetic acid to induce rhizoid ini-
tiation and inhibit leaf initiation.

Supplemental Figure S6. P. patenswild type and KO lines cultured in the dark
on vertically oriented plates containing medium supplemented with 35 mM

Suc to test for caulonema gravitropism.

Supplemental Figure S7. Western-blot analysis of protein expression for
P. patens lines derived from the transformation of ppcesa3/8KO-86lox
with vectors driving the expression of PpCESAs under the control of
the PpCESA8 promoter.

Supplemental Figure S8. PCR-based genotyping of ppcesa6/7KO lines.

Supplemental Figure S9. PCR-based genotyping of ppcesa4/10KO lines.

Supplemental Figure S10. Quantification method for S4B fluorescence.

Supplemental Table S1. Primers used for vector construction and geno-
type analysis.
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