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SUMMARY

Cell walls play critical roles in plants, regulating tis-
sue mechanics, defining the extent and orientation
of cell expansion, and providing a physical barrier
against pathogen attack [1]. Cellulose microfibrils,
which are synthesized by plasma membrane-local-
ized cellulose synthase (CESA) complexes, are the
primary load-bearing elements of plant cell walls
[2]. Cell walls are dynamic structures that are regu-
lated in part by cell wall integrity (CWI)-monitoring
systems that feed back to modulate wall properties
and the synthesis of new wall components [3].
Several receptor-like kinases have been implicated
as sensors of CWI [3–5], including the FEI1/FEI2 re-
ceptor-like kinases [4]. Here, we characterize two
genes encoding novel plant-specific plasma mem-
brane proteins (SHOU4 and SHOU4L) that were
identified in a suppressor screen of the cellulose-
deficient fei1 fei2 mutant. shou4 shou4l double mu-
tants display phenotypes consistent with elevated
levels of cellulose, and elevated levels of non-crystal-
line cellulose are present in this mutant. Disruption of
SHOU4 and SHOU4L increases the abundance of
CESA proteins at the plasma membrane as a result
of enhanced exocytosis. The SHOU4/4L N-terminal
cytosolic domains directly interact with CESAs. Our
results suggest that the SHOU4 proteins regulate
cellulose synthesis in plants by influencing the
trafficking of CESA complexes to the cell surface.

RESULTS

Disruption of the FEI1 and FEI2 receptor-like kinases (RLKs) re-

sults in a range of cell-wall-related phenotypes as a result of

decreased cellulose levels, including short and swollen roots in

the presence of elevated sucrose or salt, hypersensitivity to the

cellulose biosynthesis inhibitor isoxaben, thickened hypocotyls

and stamens, and impaired formation of cellulose rays in seed
mucilage [4, 5]. In order to identify new elements regulating cell

wall synthesis, we screened for genetic suppressors of the fei1

fei2 swollen root phenotype and identified the shou4-1 mutant

(Figures 1A, 1B, and S1A). shou4-1 also suppressed fei1 fei2

when heterozygous, indicating that it is dominant (Figure 1B).

Next-generation mapping revealed that shou4-1 resulted from

a transition mutation in an intron donor site in the gene

At1g78880 that leads to the adoption of a cryptic splice site.

The resultant mRNA encodes a predicted protein with a 15-

amino-acid deletion relative to the wild-type (Figures 1C and

S1B). Introduction of a wild-type SHOU4 genomic transgene

(fused to a GFP or mCherry reporter) into a fei1 fei2 shou4-1

line resulted in a full or partial reversion of the shou4 suppression

(Figures S1F and S1G). Characterization of a T-DNA insertional

allele, shou4-3, also confirmed that At1g78880 corresponds to

shou4 (Figures 1C, S1A, and S1C). Similar to shou4-1, the

shou4-3 allele is also dominant (Figure S1E). The dominant na-

ture of the shou4 mutations coupled with the hypomorphic na-

ture of the shou4-3 allele (Figures 1B, S1D, and S1E) indicates

that SHOU4 is haploinsufficient. We examined whether

shou4-1 reverts other cellulose-deficient mutants and found

that it suppressed or partially suppressed the root swelling

phenotypes of procuste1 (cesa6prc) [6] and salt overly sensitive5

(sos5) [7], but not cobra [8] (Figures 1D, 1E, and S1H).

SHOU4 and Its Paralog, SHOU4L, Are Novel Plant-
Specific Proteins that Modulate Cell Wall Function
SHOU4 encodes a novel protein with no regions of homology to

any domains of known function. SHOU4 is predicted to have

three transmembrane domains with a cytosolic N terminus (Fig-

ures 2A and S2A). Consistent with this topology prediction, we

observed that SHOU4 is localized primarily to the plasma mem-

brane (PM) and does not bind strongly to the cell wall as the ma-

jority is retained in the PM following plasmolysis (Figures S2E

and S2F). The remnant cell-wall-localized GFP signal likely cor-

responds to Hechtian strands [11]. SHOU4 is broadly expressed,

with the highest level of expression in root tips, the vasculature,

and the center of the rosette (Figure S2G). In Arabidopsis,

SHOU4 has a close paralog (89% amino acid identity) that we

have named SHOU4-like (SHOU4L; At1g16860), as well as a

more distant paralog (SHOU4L2; At4g22290; 49% amino acid

identity; Figures 2A, 2B, and S2A). Orthologs of SHOU4 are
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Figure 1. Mutations in shou4 Suppress Cell Wall Defects

(A) shou4-1 suppresses the fei1 fei2mutant phenotype. Seedlingswere grown for 14 days onmedia containing 4.5% sucrose. The bottom panels show a close up

of the root tips.

(B) Quantification of root length from seedlings grown as in (A). fei1 fei2 shou4-1+/� indicates an F1 progeny of a cross between fei1 fei2 shou4-1 and fei1 fei2.

(C) Gene model of SHOU4 (At1g78880) with the boxes representing exons and the blue indicating the coding region. The shou4-1mutation (G/A, red box) is in

the 2nd intron leading to an in-frame deletion of 45 nt (exon 3). Nucleotides depicted in green represent sequences derived from exon 2. The position of the T-DNA

insertion in the shou4-3 allele is also indicated.

(D) Suppression of cell wall defects in other cellulose deficient mutants by shou4-1. Four-day-old seedlings were transferred from control media to 4.5% sucrose

media and the subsequent root growth measured after five days. The bottom panels show a close-up of the root tips.

(E) Quantification of root length from seedlings shown in (D).

(F and G) Mutations in SHOU4 suppress hypersensitivity of fei1 fei2 to isoxaben that is manifested by radial root swelling (F) and root shortening (G). For (G), four-

day-old seedlings were transferred tomedia containing 2 nM isoxaben and the increase in root length wasmeasured after 24 hr. Values aremeans (n > 10) ± SEM.

Different letters indicate significant differences with lowercase and uppercase letters representing separate analyses.

Data were analyzed with one-way ANOVA and Tukey-Kramer post hoc comparisons; p < 0.05. The scale bars represent 5 mm for upper panel (A and D) and

0.5 mm for lower panel (A, D, and F). See also Figure S1.
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present in rice (Oryza sativa), the basal angiospermAmborella tri-

chopoda, the lycophyte Selaginella moelledorffii, and the moss

Physcomitrella patens (Figure 2B) but are not found in green

algae or in animal or fungal genomes.
2 Current Biology 28, 1–9, October 8, 2018
Disruption of SHOU4L also suppressed the root swelling

phenotype of fei1 fei2 (Figures S2B–S2D). A double shou4-3

shou4l-1 mutant has a wide range of phenotypic defects that

are either absent or much milder in the single mutants,



Figure 2. SHOU4 Encodes a Novel Transmembrane Protein Involved in Cell Expansion and Cell Wall Synthesis

(A) Protein models of SHOU4 (At1g78880), SHOU4L (At1g16860), and SHOU4L2 (At4g22290). The% amino acid identity between the proteins is indicated on the

right. The alignment was generated with PSI/TM-Coffee package [9] (note that other transmembrane [TM] domain tools, such as Protter [10], predict two TM

domains).

(B) Neighbor-joining tree of SHOU4 homologs from Arabidopsis, Oryza sativa, Amborella trichopoda, Physcomitrella patens, and Selaginella moellendorffii.

(C) Root tips of wild-type (WT) and shou4-3 shou4l-1 mutants. Note the lack of root hairs in the mutant.

(D) Cross section of the root elongation zone of seven-day-old seedlings.

(E) 30-day-old rosettes of plants of the indicated genotypes.

(F) Transmission electron microscopy (TEM) images of interfascicular fibers in inflorescence stems from 37-day-old plants grown in long days.

(G) Measurements of the secondary cell wall thickness and cell size of interfascicular fiber cells from (F). Values are means (n > 29) ± SEM. Data were analyzed by

unpaired Student’s t test. Asterisks indicate significant differences relative to the WT; ***p < 0.001.

(H) Short-term isoxaben treatment induces root hair development in shou4-3 shou4l-1 roots. Four-day-old seedlings were transferred to media containing 2 nM

isoxaben for 18 hr.

(I) Quantification of root length in response to 18 hr isoxaben treatment. Data were analyzed with one-way ANOVA and Tukey-Kramer post hoc comparisons;

p < 0.05; n > 9.

(legend continued on next page)
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suggesting partial functional redundancy. Additional loss of

function in SHOU4L2 does not further enhance these pheno-

types (Figure S3A). At the seedling stage, the shou4-3 shou4l-1

double mutants have very few root hairs, and those that are pre-

sent are underdeveloped. shou4-3 shou4l-1 roots grow with a

slight twist, but there are no major differences in cellular organi-

zation in the elongation zone (Figures 2C and 2D). Moreover,

shou4-3 shou4l-1 double mutants are dwarf with smaller ro-

settes (Figures 2E and S3A) and inflorescences. We examined

cells in cross sections of wild-type and shou4-3 shou4l-1 dou-

ble-mutant inflorescence stems. In general, in the double

mutant, cells are smaller and have thinner cell walls (Figures 2F

and 2G). Furthermore, in shou4-3 shou4l-1 double mutants, the

papillae on the surface of the stigma are substantially underde-

veloped, which likely contributes to the partial infertility of the

double mutant (Figures S3B and S3C). The fei1 fei2 shou4-3

shou4l-1 quadruple mutant was comparable in size to the wild-

type (Figure 2E), which indicates that disruption of FEI1 and

FEI2 suppresses the dwarfism of shou4-3 shou4l-1. This indi-

cates that FEI1 and FEI2 act throughout development to modu-

late cell wall synthesis.

Isoxaben inhibits cellulose biosynthesis and induces radial cell

swelling in rapidly growing cells [12]. fei1 fei2mutant roots, which

have reduced cellulose biosynthesis, are hypersensitive to iso-

xaben [4], and this is suppressed by shou4 mutations (Figures

1F, 1G, and S1I). In contrast to fei1 fei2, the shou4-3 shou4l-1

double mutant displays reduced sensitivity to isoxaben as

compared to the wild-type in both roots and etiolated hypocotyls

(Figures 2H, 2I, S2H, S3D, and S3E). Short-term exposure ofAra-

bidopsis hypocotyls to isoxaben increases the occurrence of

small CESA compartments (SmaCCs) or microtubule-associ-

ated cellulose synthase compartments (MASCs) [13–15]. We

tested whether the uniform PM distribution of SHOU4 was

altered upon isoxaben treatment but observed no substantial

changes in SHOU4 localization (Figure S3F). Remarkably, treat-

ment with a low concentration of isoxaben reverted the root hair

defects of shou4-3 shou4l-1 seedlings (Figure 2H). Root hair

development is initiated by a local wall acidification and expan-

sin-dependent, site-specific cell wall loosening in trichoblasts

[16, 17].

Arabidopsis seeds contain a mucilage layer on their surface

that is released upon seed imbibition. This mucilage is

composed primarily of pectin but also contains hemicelluloses

and cellulose that play important structural roles [5, 18]. Cellu-

losic rays anchor a portion of the mucilage to the seed surface

and can be visualized by staining with either calcofluor or Pont-

amine Fast S4B [19]. Cellulose-deficient mutants, such as cesa5,

sos5, fei2, or cobl2, have reduced levels of calcofluor and Pont-

amine S4B staining in seed coat mucilage [5, 20] that reflects

reduced cellulose ray formation. In contrast to these mutants,

shou4-3 shou4l-1 seeds showed significantly increased calco-

fluor and Pontamine S4B fluorescence (Figures 2J and 2K), sug-

gesting that their mucilage contains elevated levels of cellulose.
(J) Confocal micrographs of imbibed WT and mutant seeds stained with calcoflu

(K) Quantification of results shown in (J). Values are means (n > 8) ± SEM.

Data were analyzed by unpaired Student’s t test. Asterisks indicate significant d

250 mm for (C), 100 mm for (D), 1 cm for (E), 10 mm for (F), 500 mm for (H), and 1 m
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In sum, these results suggest that SHOU4 proteins negatively

regulate cellulose synthesis based on: (1) shou4 and shou4l

mutations suppress the phenotypes of mutants with reduced

cellulose; (2) the dwarf shou4 shou4l phenotype is reverted by

fei1 fei2, mutations that reduce cellulose biosynthesis; (3) the

shou4 shou4l mutant is less sensitive to the cellulose inhibitor

isoxaben; (4) disruption of SHOU4/SHOU4L inhibits root hair

emergence, and this is reversed by treatment with isoxaben;

and (5) the double shou4 shou4l mutant displays increased cel-

lulose levels in seedmucilage. Thus, we analyzed cellulose levels

in the shou4 shou4l mutant.

shou4 shou4l Mutants Have Elevated Levels of
Amorphous Cellulose
Contrary to our expectations, the amounts of crystalline cellulose

in the double shou4-3 shou4l-1 mutant was comparable to that

of wild-type (Figure 3A). Nevertheless, the cell walls of double-

mutant shoots contained significantly more glucose than wild-

type but comparable quantities of all other monosaccharides

(Figure 3B). The only polysaccharides in these cell wall extracts

that are comprised solely of glucose are callose and amorphous

cellulose. Callose levels in themutant are comparable to those in

the wild-type (Figure S3G). Amorphous cellulose can be de-

tected using Bacillus-derived carbohydrate binding module 28

(CBM28) [22, 23]. We conducted immunocytochemistry using

His-tagged recombinant CBM28 coupled with immunogold-

labeled anti-His antibodies [24]. Within the secondary cell walls

of the interfascicular fibers, CBM28 binding was more abundant

in the shou4-3 shou4l-1 mutant (Figures 3C and 3D), which,

together with our other data, suggests that disruption of

SHOU4 and SHOU4L results in elevated levels of amorphous

cellulose.

SHOU4 Proteins Control Abundance at the PM through
Negatively Regulating CESA6 Exocytosis
In vascular plants, cellulose is organized into microfibrils that

are synthesized by PM-localized cellulose synthase (CESA)

complexes (CSCs) that move along cortical microtubules [25].

Primary cell wall microfibrils are synthesized by CSCs that

contain CESA1, CESA3, and CESA6-like proteins, whereas the

cellulose in secondary cell walls is made by CESA4, CESA7,

and CESA8 [2].

NeitherCESA transcript nor protein levels were elevated in the

shou4-3 shou4l-1 mutant (Figures S4A–S4D). However, mea-

surements of the CESA6-yellow fluorescent protein (YFP) parti-

cles in epidermal cells in the root elongation zone revealed that

there was increased particle abundance at the PM in the double

shou4-3 shou4l-1 mutant that was exacerbated when seedlings

were transferred to media containing elevated sucrose (Figures

4A and 4B). Wild-type root cells responded to elevated sucrose

concentrations by internalizing CESA6-YFP, whereas CESA6-

YFP in the shou4-3 shou4l-1 background was insensitive to

exogenous sucrose. We also observed a similar increase in
or (top) and Pontamine Fast Scarlet S4B (bottom).

ifferences relative to the WT; *p < 0.05; **p < 0.01. The scale bars represent

m for (J). See also Figures S2 and S3.



Figure 3. shou4 shou4l Mutants Display

Increased Levels of Amorphous Cellulose

(A) Crystalline cellulose content in 10-day-old

roots and shoots measured by the Updegraff

method [21]. AIR, alcohol-insoluble residue.

(B) Monosaccharide composition of de-starched

ten-day-old shoots. Both datasets indicate

means ± SEM (n = 3 biological replicates) and

were analyzed by unpaired Student’s t test. As-

terisks indicate significant differences relative to

the WT; *p < 0.05.

(C) Representative TEM micrographs showing

secondary cell walls of the interfascicular fibers of

inflorescence stems after immunogold labeling

using CBM28. White arrowheads indicate the gold

particles. S1 and S2 indicate different sublayers of

the secondary cell wall. The scale bar represents

2 mm.

(D) Quantification of data shown in (C). Density

of gold particles was measured from n > 40 cells

from 2 plants ± SEM.

Data were analyzed by unpaired Student’s t test.

Asterisks indicate significant differences relative

to the WT; ***p < 0.001. See also Figure S3.
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CESA6-YFP signal in epidermal cells of etiolated hypocotyls

(Figure 4C) grown in the absence of sucrose, which we subse-

quently used as a model for studying CESA6-YFP trafficking.

The increased CESA abundance, however, did not result in

changes in the velocity of CESA particles in the mutant (Figures

S4E and S4F; Video S1). Despite comparable velocities, we

noticed that CESA6-YFP particles in shou4-3 shou4l-1 mutants

traveled along more closely aligned paths. Subsequent mea-

surements of particle directionality showed that, despite un-

changed average trajectory angles (wild-type [WT] 45.1� ±

2.3�; shou4-3 shou4l-1 44.4� ± 1.8�), the variance of the trajec-

tory angles was smaller in shou4-3 shou4l-1 (Figures S4G

and S4H). These results suggest that the higher density of the

CESA particles in the shou4-3 shou4l-1 mutant increases

the probability that the movement of one particle influences

the trajectory of adjacent particles.

These results suggest that SHOU4 and SHOU4L likely influ-

ence trafficking of CESA proteins between the PM and intracel-

lular compartments. We used fluorescent recovery after

photobleaching (FRAP) to quantify the rate of exocytosis of

CESA proteins to the PM [15, 27]. In WT hypocotyls, we

observed a delivery rate of approximately 6 particles/mm2hr�1,

consistent with previous observations [15] (Figure 4D; Video

S2). The shou4-3 shou4l-1 double mutant displayed a significant

increase in the rate of particle delivery (Figure 4D), suggesting

that the increased density of CESA6-YFP at the PM in themutant

is the result of an increased rate of exocytosis. We assessed a

delivery rate of a different PM protein, PIN1, and observed a

slight, non-significant, decrease in FRAP of PIN1-GFP in the

double shou4-3 shou4l-1mutant (Figure S4I). Based on these re-

sults, we conclude that the WT SHOU4 and SHOU4L proteins

negatively regulate CESA delivery to the PM.

We investigated the possibility that SHOU4 proteins directly

interact with CESAs. Using a yeast two-hybrid assay, we found

that the intracellular N-terminal domains of SHOU4/4L interacted

strongly with the central cytoplasmic domain of CESA1 and
weakly with CESA3, but not appreciably with CESA6 (Figures

4E and S4J). The CESA1 interaction was corroborated using a

co-immunoprecipitation assay (Figure 4F). Based on these re-

sults, we hypothesized that the interaction between SHOU4

and CESA may define the rate of CESA exocytosis and that

the levels of SHOU4 proteins play a central role in regulating

this process. Consistent with this, a subset of lines overexpress-

ing SHOU4 from its own promoter (SHOU4::SHOU4) displayed

root tip swelling and reduced root elongation when grown in

the presence of 4.5% sucrose (Figures 4G and 4H), correlating

with the levels of SHOU4 overexpression (Figure 4I). This result,

combined with the haploinsufficiency of SHOU4, indicates that

the stoichiometry of the SHOU4-CESA complex might define

the level of CESA exocytosis.

DISCUSSION

Here, we describe a group of novel plant-specific proteins that

regulate the level of CESA complexes at the cell surface by

modulating the rate of CESA exocytosis. Disruption of SHOU4

and SHOU4L leads to severe pleiotropic defects, suggesting

that they regulate cellulose biosynthesis throughout plant growth

and development. The elevated CESA complex density at the

cell surface in the double shou4-3 shou4l-1 mutants and

the resultant increase in the rate of cellulose synthesis explain

the shou4-mediated suppression of the cell expansion defects

of cellulose-deficient mutants, such as fei1 fei2, sos5, or prccesa6.

Likewise, the suppression of shou4-3 shou4l-1 dwarf phenotype

by fei1 fei2 is likely a consequence of cellulose levels being

reduced by the fei mutations back to a level that is compatible

with optimal growth and development. Similarly, our data indi-

cate that inhibition of cellulose biosynthesis through application

of isoxaben facilitates the re-emergence of root hairs in shou4-3

shou4l-1 mutants. This suggests that the increased level of cel-

lulose in shou4-3 shou4l-1 inhibits the emergence of root hairs,

likely by rendering the localized loosening of the wall insufficient
Current Biology 28, 1–9, October 8, 2018 5



Figure 4. shou4 shou4l Mutants Have Increased Density of PM-Localized CESA6-YFP due to Enhanced Exocytosis

SHOU4/4L interact with primary wall CESAs, andSHOU4 overexpression leads to reduction in root elongation and cell swelling. See also Figure S4 and Videos S1

and S2.

(A) Spinning disk confocal micrographs of CESA6-YFP and CESA6-YFP shou4-3 shou4l-1 root epidermal cells after 2 hr on media containing 4.5% sucrose. The

scale bar represents 20 mm.

(B) Quantification of PM-localized CESA6-YFP signal in different treatments shown in (A). Particles were quantified by measuring thresholded area of the PM;

n > 15. See STAR Methods for additional details.

(C) Quantification of CESA6-YFP particle density in epidermal cells of three-day-old etiolated hypocotyls; n R 15 cells from different seedlings per genotype.

(D) CESA6-YFP delivery rate to the PM of epidermal cells is increased in the shou4-3 shou4l-1mutant. Fluorescent recovery after photobleaching (FRAP) analysis

of CESA6-YFP in WT and shou4-3 shou4l-1 etiolated hypocotyls; n = 9 cells from different seedlings per genotype.

(E) Yeast two-hybrid assay of interactions between the N-terminal domains of SHOU4/4L proteins and central domains of CESA1, 3, and 6. Seven microliters of a

cell suspension was spotted on selection (�Trp �Leu �His �Ura) and control (�Trp �Leu +His +Ura) media. The empty bait and prey vectors were used as

negative controls.

(F) N-terminal domain of SHOU4 interacts with the intracellular loop of CESA1 as shown by a co-immunoprecipitation assay.Nicotiana benthamiana leaves were

transiently transformed with plasmids expressing myc-SHOU4 and HA-CESA1. Total protein extracts (input) and the immunoprecipitated (IP: a-myc) proteins

were analyzed by immunoblotting with the indicated antibodies.

(G–I) Overexpression of SHOU4 can lead to root tip swelling (G) and inhibition of root elongation (H) on media containing 4.5% sucrose.

(G) Root tips of 10-day-old seedlings; scale bar, 250 mm.

(legend continued on next page)
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for turgor pressure to push out the emergent hairs in the tricho-

blast cells. Consistent with this, mutants with reduced levels of

cellulose, such as prc1, can display bulging trichoblasts or

develop extra root hairs [28].

The enhanced density of CESA complexes at the PM in

shou4-3 shou4l-1 seedlings, surprisingly, does not lead to an in-

crease in the levels of crystalline cellulose but rather an increase

in amorphous cellulose. The higher number of CESA particles at

the cell surface might lead to non-optimal synthesis of cellulose,

perhaps due to an inability to channel-sufficient substrate to an

increased number of active CESA complexes or to insufficiency

of another component involved in cellulose synthesis, such as

KORRIGAN [29]. A recently developed model suggests that

newly formed cellulose protofibrils go through a temporary disor-

ganized stage before subsequent crystallization [30]. Thus, the

increased density of CESA complexes in the shou4-3 shou4l-1

double mutant might lead to entanglement of the newly synthe-

sized polymers, delaying crystallization of the microfibrils.

Several elements involved in CESA trafficking have been iden-

tified. Recent studies have highlighted the importance of efficient

clathrin-mediated endocytosis of CSCs and the role of TWD40-2

and AP2M proteins in this process [31, 32]. The ap2m-1 (m2)

mutant, which is compromised in endocytosis, displays

increased density of PM-localized CESA6-YFP particles, indi-

cating that mis-regulation of trafficking can increase the density

of CESAs at the cell surface [31, 33, 34]. The twd40-2 mutant

also has elevated PM-localized CESA6-YFP but, unlike the

apm2 mutant, has reduced levels of crystalline cellulose.

TWD40-2, together with AP2M, might remove faulty CSCs

from the PM. The reduced crystalline cellulose content in

twd40-2/twd40-2 ap2m mutants has been hypothesized to

result from an inability to internalize catalytically inactive

CESAs [32].

Regulation of CSC exocytosis has not been well studied.

Recent findings indicate a role for the V-ATPase and STELLO

(STL) proteins in CSC assembly and exocytosis [33, 34], but

themechanism involved in the fusion of CSC-containing vesicles

with the PM is unknown. stl1 stl2 double mutants have reduced

CSC insertion rates at the PM. Interestingly, despite the superfi-

cial resemblance of shou4-3 shou4l-1 and stl1 stl2mutants (both

are dwarf with thinner cell walls), there are multiple contrasting

phenotypes, including the levels of cellulose in the seed muci-

lage and sensitivity to isoxaben. A recent study highlights a

new role of the CESA- and CSI1-interacting protein PATROL1

(PTL1) in assisting the delivery of CESAs to the PM [35]. To our

knowledge, SHOU4 and SHOU4L are the first proteins shown

to negatively regulate CSC exocytosis. We demonstrate that

the cytoplasmic domains of SHOU4 and SHOU4L interact with

the central domain of primary CESAs; however, the mechanism

by which the SHOU4 proteins inhibit the exocytosis of CESA

complexes remains an open question. The haploinsufficiency

of SHOU4 and the negative effect of even modest SHOU4 over-
(H) Quantification of root elongation of seedlings grown on control and 4.5% suc

(I) SHOU4mRNA transcript quantification of the lines shown in (G) and (H) using th

means ± SEM.

Data were analyzed by unpaired Student’s t test (B–D; asterisks indicate significa

and Tukey-Kramer post hoc comparisons (H and I); p < 0.05.
expression on proper root elongation suggest that the level of the

SHOU4 proteins is critical to their function. We favor a model in

which the interaction of CESA and SHOU4 generates a signal

that feedbacks to negatively regulate CESA exocytosis. Such a

‘‘counting’’ model is consistent with the sensitivity of the system

to SHOU4 protein levels. Alternatively, SHOU4/4L might act

directly by interacting with the exocytotic machinery at the PM

to inhibit delivery of CESA particles.

Our studies have uncovered a novel protein family that inter-

acts with CESAs and regulates their exocytosis, thereby

ensuring the optimal abundance of CESA complexes at the

PM. Disruption of the SHOU4 genes leads to multiple defects

throughout development, likely as a result of overproduction of

cellulose that interferes with the regulation of cell expansion in

multiple contexts. These results highlight the importance of

CESA trafficking as a critical mechanism to regulate cellulose

synthesis to facilitate the dynamic regulation of wall synthesis

during multiple developmental processes.
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Starting to gel: how Arabidopsis seed coat epidermal cells produce

specialized secondary cell walls. Int. J. Mol. Sci. 16, 3452–3473.

19. Anderson, C.T., Carroll, A., Akhmetova, L., and Somerville, C. (2010). Real-

time imaging of cellulose reorientation during cell wall expansion in

Arabidopsis roots. Plant Physiol. 152, 787–796.

20. Ben-Tov, D., Abraham, Y., Stav, S., Thompson, K., Loraine, A., Elbaum, R.,

de Souza, A., Pauly, M., Kieber, J.J., and Harpaz-Saad, S. (2015). COBRA-

LIKE2, a member of the glycosylphosphatidylinositol-anchored COBRA-

LIKE family, plays a role in cellulose deposition in arabidopsis seed coat

mucilage secretory cells. Plant Physiol. 167, 711–724.

21. Updegraff, D.M. (1969). Semimicro determination of cellulose in biological

materials. Anal. Biochem. 32, 420–424.

22. Boraston, A.B., Chiu, P., Warren, R.A., and Kilburn, D.G. (2000). Specificity

and affinity of substrate binding by a family 17 carbohydrate-binding mod-

ule from Clostridium cellulovorans cellulase 5A. Biochemistry 39, 11129–

11136.

23. Blake, A.W., McCartney, L., Flint, J.E., Bolam, D.N., Boraston, A.B.,

Gilbert, H.J., and Knox, J.P. (2006). Understanding the biological rationale

for the diversity of cellulose-directed carbohydrate-binding modules in

prokaryotic enzymes. J. Biol. Chem. 281, 29321–29329.

24. Ruel, K., Nishiyama, Y., and Joseleau, J.P. (2012). Crystalline and amor-

phous cellulose in the secondary cell walls of Arabidopsis. Plant Sci.

193-194, 48–61.

25. Paredez, A.R., Somerville, C.R., and Ehrhardt, D.W. (2006). Visualization of

cellulose synthase demonstrates functional association with microtu-

bules. Science 312, 1491–1495.

26. Livak, K.J., and Schmittgen, T.D. (2001). Analysis of relative gene expres-

sion data using real-time quantitative PCR and the 2(-D D C(T)) method.

Methods 25, 402–408.

27. Sampathkumar, A., Gutierrez, R., McFarlane, H.E., Bringmann, M.,

Lindeboom, J., Emons, A.-M., Samuels, L., Ketelaar, T., Ehrhardt, D.W.,

and Persson, S. (2013). Patterning and lifetime of plasma membrane-

localized cellulose synthase is dependent on actin organization in

Arabidopsis interphase cells. Plant Physiol. 162, 675–688.

28. Singh, S.K., Fischer, U., Singh, M., Grebe, M., and Marchant, A. (2008).

Insight into the early steps of root hair formation revealed by the procuste1

cellulose synthase mutant of Arabidopsis thaliana. BMC Plant Biol. 8, 57.

29. Nicol, F., His, I., Jauneau, A., Vernhettes, S., Canut, H., and Höfte, H.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-HIS Sigma SAB1306085

anti-CESA1 [36] N/A

anti-CESA3 [36] N/A

anti-CESA6 [36] N/A

rabbit anti-tubulin Sigma SAB3501071; RRID: AB_2713894

goat anti-Rabbit IgG (H+L) Antibody, Peroxidase labeled KPL 95058

rat anti-HA Roche 11867423001; RRID: AB_390918

goat anti-rat IgG–HRP Santa Cruz Biotechnology sc-2006; RRID: AB_1125219

mouse anti-c-myc Santa Cruz Biotechnology sc-40; RRID: AB_627268

chicken anti-mouse IgG-HRP Santa Cruz Biotechnology sc-2954; RRID: AB_639239

Bacterial and Virus Strains

DH5a Thermo Fisher Scientific 18265017

GV3101 N/A N/A

Chemicals, Peptides, and Recombinant Proteins

phytagel Sigma P8169

isoxaben Santa Cruz Biotechnology sc-235431

Murashige and Skoog (MS) salts Research Products International M70300-50.0

Calcofluor fluorescent brightener 28 Sigma F3543-1g

Pontamine Fast Scarlet S4B Sigma S479896

X-Gluc Goldbio 114162-64-0

Aniline blue Fisher Scientific A-967

CBM28 Dr. Paul Knox N/A

Gold-conjugated protein A Ted Pella 15822

Fish gelatin Sigma G7765

a-amylase Sigma Aldrich A3403-500KU

pullulanase Sigma Aldrich E2412-50ml

Critical Commercial Assays

RNeasy Mini kit QIAGEN 74104

Protoscript II cDNA synthesis kit New England Biolabs E6560S

PowerUp SYBR Green Master Mix Life Technologies A25742

Pierce BCA Protein Assay Kit Fisher Scientific 23227

mMACS c-myc Isolation Kit Miltenyi Biotec 130-091-123

cOmplete ULTRA Tablets, Mini, EDTA-free, EASYpack

Protease Inhibitor Cocktail

Roche 5892791001

SuperSignal West Femto Maximum Intensity Substrate Thermo Fisher Scientific 34095

Experimental Models: Cell Lines

L40ccaU yeast strain [37] N/A

Experimental Models: Organisms/Strains

WT (Col-0) ABRC N/A

shou4-3 ABRC GK793F10

shou4l-1 ABRC SALK_001751

shou4l-2 ABRC SALK_205329

shou4l2-1 ABRC SALK_029810

fei1 fei2 [4] N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

fei1 fei2 in Ler [38] N/A

sos5-2 [7] N/A

cob-1 [8] N/A

CESA6-YFP [25] N/A

PIN1-GFP [39] N/A

prc-1 [6] N/A

SHOU4::SHOU4:GFP in WT this study N/A

SHOU4::SHOU4:mCherry in WT this study N/A

SHOU4::SHOU4:GFP in fei1 fei2 shou4-1 this study N/A

SHOU4::SHOU4:mCherry in fei1 fei2 shou4-1 this study N/A

SHOU4::GUS in WT this study N/A

Oligonucleotides

primers Please see Table S1 N/A

Recombinant DNA

pGWB3 [40] N/A

pGWB4 [40] N/A

modified pGWB4 (mCherry) This study N/A

pENTR-dTOPO Invitrogen K2400-20

pBTMN116c-D9 [37] N/A

pACT2 [37] N/A

pEarleyGate201 [41] N/A

pEarleyGate203 [41] N/A

SHOU4-pBTMN116 This study N/A

SHOU4L-pBTMN116 This study N/A

CESA1-pACT2 This study N/A

CESA3-pACT2 This study N/A

CESA6-pACT2 This study N/A

myc-SHOU4 This study N/A

HA-CESA1 This study N/A

Software and Algorithms

PSI/TM Coffee [9] N/A

MEGA6 [42] N/A

ImageJ [43] N/A

Imaris Bitplane N/A

EasyFRAP [44] N/A

AutoQuant X2 Media cybernetics N/A

Other

Confocal microscopes and image aqusition settings Please see Table S2 N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joseph J.

Kieber (jkieber@unc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

TheWT Columbia-0 (Col-0) was use in all experiments. The T-DNA insertional alleles shou4-3 (GK793F10), shou4l-1 (SALK_001751),

shou4l-2 (SALK_205329) and shou4l2-1 (SALK_029810) were obtained from the SALK T-DNA collection [45]. The fei1, fei2 [4], sos5-2

[7] prc-1cesa6 [6], cob-1 [8], CESA6-YFP [25], PIN1-GFP [39] alleles have been previously described. Plants were genotyped using

primers listed in Table S1. The prc-1, cob-1 and shou4-1 were genotyped using a dCAPS method [46].
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METHOD DETAILS

Plant growth and generation of constructs
For root elongation assays, seeds were surface-sterilized, plated onmedia containing 1 xMurashige and Skoog (MS) salts (Research

Products International), 0.6% phytagel (Sigma, St Louis, MO, USA) and either 0% or 4.5% sucrose, stratified for 2-4 days at 4�C and

subsequently grown at 22�C under constant light. When specified, seedlings were first grown for 4 days and then transferred onto

media containing either 0% or 4.5% sucrose. For etiolated hypocotyl experiments, seeds were plated on media containing 1% su-

crose, stratified for 3 days, exposed to light for 3 h and subsequently grown in the dark at 22�C for 3 days. For isoxaben treatment of

roots, seedlings were first grown onmedia containing no sucrose and at 4 days post germination transferred onto media with a 0.1%

ethanol (vehicle control), 1 nM or 2 nM isoxaben (Santa Cruz Biotechnology) for 18-24 hours. Root width measurements were per-

formed at the level of the youngest root hair and hypocotyl width measurements were conducted just below the apical hook. For the

isoxaben treatment of 3d-old etiolated CESA6-YFP; SHOU4-mCherry hypocotyls, seedlings were incubated for 3 hours in MSmedia

containing 200 nM isoxaben in dark with gentle shaking.

The SHOU4 translational fusions with GFP/mCherry were created by amplifying the promoter and genomic sequence of

At1g78880 and cloning it first into pENTR/dTOPO and subsequently into the pGWB4 binary vector [40] or a modified (mCherry)

version of pGWB4. The SHOU4::GUS promoter fusions were created by amplifying the 627 bp sequence upstream of At1g78880

and cloning it into the pGWB3 binary vector [40]. The Y2H and coIP constructs were generated in a similar manner. First, the se-

quences of the appropriate domains of SHOU4, SHOU4L,CESA1,CESA3 andCESA6were cloned into the pENTR/dTOPO (Primers

are listed in Table S1). Subsequently, they were cloned into the binary vectors (Y2H; bait - pBMTN116c-D9 and prey- pACT2; coIP -

pEarleyGate201/203 (pEG201 and pEG203)) have previously been described [37, 41]. Note all constructs were verified by

sequencing.

To study the nature of shou4-1 mutation, we transformed WT and fei1 fei2 shou4-1 plants with the WT sequence of the

SHOU4::SHOU4:GFP/mCherry. Homozygous T3 progeny of T2 plants that segregated for the transgene in a 3:1 ratio (transgenic:WT)

were used. For the GUS assay, T2 seedling from five independent transformation events were stained and representative individuals

were chosen for imaging. To create a CESA6-YFP; SHOU4-mCherry double transgenic line, we transformed CESA6-YFP plants with

the SHOU4::SHOU4:mCherry construct and imaged T2 seedlings.We chose individuals that displayed fluorescence of both YFP and

mCherry proteins.

Mapping of shou4-1
To identify shou4-1, we used the Next Generation Mapping tool [47]. The fei1 fei2 mutations (Columbia-0, Col-0 ecotype) were in-

trogressed into Landsberg erecta (Ler) ecotype as described by Steinwand et al. [38]. The fei1 fei2 shou4-1 (Col-0) triple mutant

was outcrossed to the fei1 fei2 (Ler) mutant and the phenotype of the individuals from the F2 progeny was scored. DNA pools con-

taining WT or mutant DNA were subjected to Illumina sequencing and the data then analyzed using the Next Generation Mapping

(NGM) tool [47], which bins and plots SNP frequencies in 250 kb intervals across the Arabidopisis genome. Regions lacking in

SNPs correspond to non-recombinant blocks created by linkage to the causative mutation [47]. The background fei1 and fei2

mutations, which are T-DNA insertion alleles, localize to the upper arm of chromosome 1 and the lower arm of chromosome 2,

respectively [4] and, since they created non-recombinant blocks in the genome, were identified in the SNP plots created using

NGM (Figure S1B). An additional non-recombinant region was identified near the end of chromosome 1 (Figure S1B). We analyzed

differential SNPs in this non-recombinant region in reference to the annotated genome. NGM uses a ‘discordant chastity’ (ChD) value

to quantify the proportion of reads at a polymorphic site that differ from the reference genome. We set the ChD to 0.8 and identified a

G/C/A/T transition in At1g78880 (Figure 1C). Sanger sequencing of AT1G78880 in both the fei1 fei2 parent and in the fei1 fei2

shou4-1 suppressor confirmed the presence of the G/C/T/A substitution. Consistent with the fact that shou4-1 lies within a splice

site, comparison of the sequences of SHOU4 cDNA from the suppressor andWT revealed alternative splicing of SHOU4mRNA in the

fei1 fei2 shou4-1 mutant (Figure 1C).

Protein alignment and phylogenetic tree
SHOU4, SHOU4L and SHOU4L2 protein alignment and prediction of transmembrane domains were generated using the PSI/TM-

Coffee package http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee) [9]. The neighbor-joining phylogenetic tree of SHOU4 homologs

was created using the MEGA6 software [42].

Calcofluor and Pontamine S4B mucilage staining
The calcofluor fluorescent brightener 28 (Sigma) staining was performed as described by [5]. Seeds were incubated in 25 mg/ml cal-

cofluor for 30 min, washed in water and observed in Zeiss LSM710 confocal microscope with a 405 nm-laser diode. Pontamine Fast

Scarlet S4B (Sigma) was done as described [19]. Seeds were stained for 30 min in 0.01% Pontamine Fast Scarlet S4B (Sigma) in 1 x

MS media, washed for 2 hours in water and then visualized using a Zeiss LSM710 confocal microscope equipped with a 561 laser.

Light, confocal laser scanning and transmission electron microscopy
Cross sections of the root elongation zone were prepared and imaged as described [4]. Roots, stigmas and GUS-stained

seedlings were imaged using bright field microscopy. Hypocotyls were photographed using a Nikon D7000 camera. SHOU4-GFP,
e3 Current Biology 28, 1–9.e1–e6, October 8, 2018

http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee


Please cite this article in press as: Polko et al., SHOU4 Proteins Regulate Trafficking of Cellulose Synthase Complexes to the Plasma Membrane, Cur-
rent Biology (2018), https://doi.org/10.1016/j.cub.2018.07.076
SHOU4-mCherry, CESA6-YFP, propidium iodide fluorescence were visualized using Zeiss LSM710, LSM880 confocal microscopes

with excitation wavelengths and emission spectra listed in in Table S2.

Imaging experiments for determination of YFP-CESA6 density, velocity, trajectory, and delivery rate in etiolated hypocotyls were

performed using a Zeiss Axio Observer SD spinning disk confocal microscope with a CSU-X1 spinning disk head (Yokogawa) using a

100X / 1.40 NA oil immersion objective with AxioVision 4.8 software (Carl Zeiss) and a 488 nm excitation laser with a 525 / 50 nm

emission filter. For velocity experiments, 3-day-old etiolated seedlings were mounted in 60 mL water between a microscope slide

and a 243 40 mm #1.5 coverslip (Corning) secured with double-sided tape (3M Permanent), whereas a 2% low-melt agar (Dot Sci-

entific) pad was used to secure etiolated seedlings in a coverslip chamber for delivery experiments. YFP-CESA6 density and velocity

data were derived from the same sets of images (5 min time-lapses with 5 s intervals), with density being determined from the first

time-point of the time-lapses for individual cells. All images were acquired in the area of etiolated hypocotyls subtending the apical

hook.

For PIN1-GFP FRAP experiments, roots of three-day-old seedlings were used. Seedling were grown as described in the previous

section. GFP fluorescence in cortical root cells was imaged with ZEISS LSM 880 using the x40 water objective. The frame size was

1024 3 1024 and the speed scan was 8-15 s per frame. The bleaching settings were: 2 pre-bleach and 23 post-bleach images; 40

iterations at the same speed as pre- and post-bleach acquisition. The 488 nm laser power for the pre-bleach, bleach, and post-

bleach images was the same (5%). For the TEM sections, 37d-old Arabidopsis inflorescence stems grown in short day were immer-

sion-fixed in 2% glutaraldehyde/0.05M sodium phosphate, pH 7.4, and stored for three days at 4�C. After three buffer washes, the

samples were post-fixed in 1% osmium tetroxide/0.05M sodium phosphate, pH 7.4, for 1 h followed by 3 washes in deionized water.

Roots and stems were dehydrated through a graded series of ethanol (30%, 50%, 75%, 90%, 100% X3) and propylene oxide, in-

filtrated and embedded in Spurr’s epoxy resin (Polysciences, Warrington, PA). Using a diamond knife, 1 mm transverse sections

were cut, mounted on slides and stained with 1% toluidine blue and examined by light microscopy to isolate the region of interest.

Ultrathin sections (70-80 nm) were cut with a diamond knife and mounted on 200 mesh copper grids followed by staining with 4%

aqueous uranyl acetate for 12 minutes and lead citrate for 8 minutes. Samples were visualized with either Zeiss 910 or JEOL 1230

TEM. The plasmolysis experiment on SHOU4-GFP seedlings was done by incubating plants in a 1 x MS solution (control) and 1 xMS

solution containing 0.8Mmannitol for 30min. TheGUS assaywas performed as described in [48]. 7d-old seedlings were harvested in

ice cold 90% acetone, vacuum-infiltrated in acetone for 20 minutes at room temperature, vacuum-infiltrated in a staining solution

without X-Gluc (50 mM sodium phosphate buffer pH 7.0, 0.2% Triton X-100, 2 mM potassium ferrocyanide, 2 mM potassium ferri-

cyanide) for 10 minutes and subsequently vacuum-infiltrated in a staining solution containing 2 mM X-Gluc (5-bromo-4-chloro-3-in-

dolyl-beta-D-glucuronic acid, cyclohexylammonium salt; GoldBio) for 20 min and incubated in the staining solution with X-Gluc for

3 h at 37�C. Samples were incubated in a series of ethanol solutions for 40 minutes each (20%, 30%, 50%, FAA (50% ethanol, 5%

acetic acid, 3.7% formaldehyde), 70%ethanol) and stored at 4�C. Aniline blue staining for callosewas done as described [49]. Leaves

of 11d-old seedlings were fixated and de-stained overnight in 1:3 acetic acid/ethanol solution, incubated for 30 min in 150 mM di-

potassium phosphate and subsequently incubated for 2 h in 150 mM dipotassium phosphate containing 0.01% aniline blue. Spec-

imens were embedded in 50% glycerol for further analysis with Zeiss LSM880 confocal microscope.

Immunogold labeling
Immunogold labeling of secondary cell walls using the His-tagged CBM28 was done according to a modified protocol [24]. First, we

determined the optimal concentration of CBM28 (Plant Probes) and the His antibody (Sigma Aldrich) by analyzing different concen-

trations of the antibody. Grids with ultrathin sections were hydrated in water, blocked in 5%milk in phosphate buffered saline (PBS)

for 30min, incubated in 200 mg/ml CBM28 in 5%milk in PBS for 1.5 hours, washed 3 times in 5%milk in PBS and incubated overnight

in 1:25 anti-His antibody at 4�C. The following day, grids were washed 5 times in PBS, incubated in gold-conjugated protein A (PAG-

15; Ted Pella) diluted in PBS/0.1% fish gelatin (Sigma) (1:50) for 1.5 hour at room temperature. Next, grids were rinsed twice in PBS/

fish gelatin, 3 times in PBS, fixed in 2% glutaraldehyde in PBS and rinsed 4 times in water. Post-stain was conducted in 4% aqueous

uranyl acetate, grids were subsequently rinsed 5 times in water and dried at room temperature. All solutions had been microfiltered

and the staining was performed on silicone stain grids (Ted Pella).

mRNA transcript and protein levels
Roots and shoots of nine-day-old seedlings were harvested and snap frozen in liquid nitrogen. RNA was isolated using the RNeasy

extraction kit (QIAGEN). 1 mg total RNA was used for cDNA synthesis conducted using the Protoscript II cDNA synthesis kit (New

England Biolabs). Real-time reverse transcription PCR was performed using the Applied Biosystems QuantStudio 6Flex system

and the PowerUp SYBR� Green Master Mix (Life Technologies). Relative mRNA values were calculated using the 2-DDCT method

[26] with b-TUBULIN (At5g44340) or GAPDH (At1g16300) as an internal reference gene. Primer sequences are listed in Table S1.

For protein extraction, ten-day-old roots and shoots were harvested and ground in liquid nitrogen and the protein was extracted

using the published methods [50, 51]. Protein concentrations were assayed using the Pierce BCA Protein Assay Kit (Thermo Fisher

Scientific), samples were diluted to 1 mg/ml in SDS loading buffer, aliquoted and stored at �80�C until used. Protein samples were

separated on 8%SDS-PAGE gels with a 5% stacking gel (pH 8.8, with 35%glycerol) and transferred onto 0.45 mmpore nitrocellulose

blotting membrane (Ge Healthcare Life Science). Blots were blocked in 0.25% Tween-containing Tris-buffered saline (TBS) (TBST),

incubated overnight at 4�C with primary CESA antibodies (at concentrations 1:2000, 1:700, 1:1000, 1:5000 for CESA1, CESA3,

CESA6 and TUBULIN, respectively), washed in TBST, incubated in a secondary goat anti-rabbit horseradish peroxidase conjugate
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(KPL 95058-730) for 1 h at room temperature (at concentrations 1:30000, 1:10000, 1:20000, 1:10000 for CESA1, CESA3, CESA6 and

TUBULIN, respectively), washed in TBST and developed using SuperSignal West Femto Maximum Intensity Substrate (Thermo

Fisher Scientific). Chemiluminescence was visualize using the ChemiDoc Touch Imaging System (Bio-Rad) and quantified using

the Image Lab software relative to the non-specific band (roots) or TUBULIN (Sigma) (shoots). The generation and specificity of

Anti-CESA1, CESA3, and CESA were previously describe [36] or affinity purification of antibodies from crude serum, the CESA3-2

or CESA6-1 peptides were conjugated to Sulfo-Link Resin (Thermo) and affinity purification proceeded according to manufacturer’s

instructions.

Yeast two-hybrid and co-immunoprecipitation assays
The yeast two-hybrid assay was conducted as described previously [52]. Briefly, the L40ccaU strain was transformed by indicated

plasmids as described in [53]. Transformants were selected on Leu– Trp– media and the presence of plasmids was confirmed by col-

ony PCR. Cell suspensions of transformed yeast were grown overnight and 7 ml of each transformation was spotted on Leu– Trp–

(control) or Leu– Trp– His– Ura– media to test the interaction. The X-Gal staining was performed as described by [54] and the yeast

colonies were incubated at 37�C for 1h. The GV3101 strain of Agrobacterium was transformed with plasmids containing the myc-

SHOU4, HA-CESA1 and p19 suppressor. 4-week-old Nicotiana benthamiana leaves were infiltrated with the appropriate vectors

following the protocol described by [55]. After 48h, the leaves were flash frozen in liquid nitrogen, ground and the coIPwas conducted

using the mMACS Epitope Tag Protein Isolation Kit (Miltenyi Biotec). Total protein extracts were incubated in cold lysis buffer sup-

plemented with protease inhibitor cocktail, (cOmplete ULTRA Tablets, Mini, EDTA-free, EASYpack Protease Inhibitor Cocktail;

Roche). The coIP was followed by immunoblotting. Blots were probed with the appropriate antibodies: primary anti-HA high affinity

antibody, 3F10, monoclonal (Roche) followed by a secondary antibody goat anti-rat IgG–HRP:sc-2006 (Santa Cruz Biotechnology)

for detection of HA and primary c-Myc Antibody (9E10): sc-40 antibody followed by a secondary antibody chicken anti-mouse IgG–

HRP: sc2954 (Santa Cruz Biotechnology) for detection of myc. Signal was detected with SuperSignalWest Femto Maximum Sensi-

tivity Substrate (Thermo Fisher Scientific).

Analysis of Arabidopsis cell wall polysaccharides
For each genotype, 9 to 16 mg of lyophilized Arabidopsis root or shoot material was ground using a steel ball for a total of 2 min at

30 Hz using a ball mill (Retsch MM400). Alcohol-insoluble residue (AIR) was obtained by sequentially washing the ground material

once with 1 mL of 70% ethanol, once with 1 mL of chloroform:methanol (1:1 v/v), and once with 1 mL of acetone. After each washing

step, the AIRwas pelleted by centrifugation (20,000 g for 5min), and the supernatant was carefully discarded. After the final wash, the

pellet was resuspended in 300 mL of acetone, and dried in a fume hood overnight. Crystalline cellulose content in 2 to 3mg of dry wall

AIR was quantified using the Updegraff assay [21], essentially as previously described [56]. Following treatment with the Updegraff

reagent, the pellet waswashed oncewith 1.5mL of water, and once with 1.5mL of acetone. After each step, the samples were centri-

fuged for 15 min at 20000g, and the supernatant was carefully discarded. After drying the pellet overnight at room temperature, the

amount of glucose was analyzed in triplicate with the colorimetric Anthrone assay [56]. Arabidopsis shoot samples were de-starched

similar to a published protocol [56]. Approximately 2 mg of wall AIR was mixed with a 500 mL of 0.1 M phosphate buffer (pH 7.0) con-

taining 1 mL of thermostable a-Amylase (Sigma Aldrich, A3403-500KU) and 10 mL of Pullulanase (Sigma Aldrich, E2412-50ML). Tubes

were incubated at 80�C in a thermomixer (300 rpm) for 30 min, briefly cooled on ice, then mixed horizontally at 225 rpm for 20 h in a

37�C incubator. The undigested material was pelleted (2 min at 20000 g), and washed with twice with 1.5 mL of water, and once with

1.5 mL of acetone before drying. Monosaccharide composition of destarched AIR (1 to 2 mg) was determined using high-perfor-

mance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD), using a published method [57, 58]

with minor modifications. After hydrolyzing the material with 1 M trifluoroacetic acid, 150 mL of each supernatant was dried and

myo-Inositol was added as an internal standard. Samples were subjected to HPAEC-PAD using a Metrohm system (889 IC Sample

Center and 940 Professional IC Vario).

QUANTIFICATION AND STATISTICAL ANALYSIS

Root, hypocotyl length and width measurements, cell size, secondary cell wall thickness and CESA6-YFP particle densities in root

epidermal cells were conducted with the FIJI software using a line tool [43]. Cell size and cell wall thickness were measured using the

area tool. For the particle density analysis, Z stack images were processed with themaximum intensity projection tool and the detec-

tion of PM-localized CESA6-YFP particles was done using threshold function and measuring the thresholded area within a selected

ROI. CESA6-YFP density was determined by outlining an individual cell in ImageJwith the polygon selection tool, measuring the area,

and detecting YFP-CESA6 particles using the Find Maxima tool with a noise tolerance of 500. Calcoflur and pontamine S4B fluores-

cence was measured using the FIJI software [43] and the total corrected fluorescence was calculated as described in [59]. Particle

speed and trajectories were tracked and quantified using Imaris 7.2 (Bitplane) with an estimated particle diameter of 0.25 mm and a

minimum track duration of 30 s. Detected particles with speeds greater than 600 nm/minwere excluded from speed analysis because

they likely represent YFP-CESA6 signal from intracellular compartments but could not be excluded from trajectory measurements.

For determination of YFP-CESA6 delivery rates, ROIs of individual cells were bleached by 100%power 488 nm laser exposure for 4 s,
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and recovery of fluorescence was detected via time-lapse imaging (10 min recovery with 10 s intervals). Particle delivery events were

assessed following 2D deconvolution specific for YFP emission using the AutoQuantX2 software (Media Cybernetics, Rockville, MD)

to allow for differentiation of individual YFP-CESA6 particles in close proximity. Particles were identified manually, and verified for

typical CSCmotility as previously described [27]. After counting the number of insertion events and determining GFP-CESA3 density

within the ROI at 2, 4, 6, 8, and 10min, a linear regression was produced to calculate the estimated particle delivery rate for each ROI.

For the FRAP analysis of PIN1-GFP lines, the images were process using FIJI software [43] as described by Walser et al. [60] and

FRAP was calculated using the easyFRAP software [44].
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